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Preface

The book is a sequel to the earlier written book on Chronic Lymphocytic Leukemia.
This book is dedicated to Follicular Lymphoma and Mantle Cell Lymphoma.
Hematologic malignancies have traversed a long journey in delineation from pri-
marily morphologically defined entities to phenotypically qualified entities and now
to molecularly defined identities that mimic normal B cell differentiation. The
pathobiology lays foundations for definition, classification, and treatment, the latter
based on identifying targetable mutations. The molecular mechanisms cover the
spectrum of topics covered in immunology, bioinformatics, biochemistry, and
molecular biology. The aim of this book is to bring the basic science adjacent to the
applied science and highlight major works that contributed significantly to the
understanding of these two lymphomas. There is significant focus on the biology of
normal B cell development that forms the basis for understanding the pathobiology
of these lesions. What goes wrong, where, why, and how? This book is designed to
provide a concise and yet comprehensive summary of traditional and newer entities
and the science that explains the same. The hematopathologists and dermatopa-
thologists have written the pathobiology sections and hematologists address treat-
ment. I hope this book is an approachable read for residents and fellows and
clinically relevant to practicing pathologists and hematologists.

As always, these writes do not happen without the unwavering support of family.
We are hugely indebted to them as they forgive our absence from meals and house-
hold chores as we work through these writes. Thank you.

Lebanon, NH, USA Prabhjot Kaur, MD
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Chapter 1

Follicular Lymphoma: Definition,
Epidemiology, Pathobiology —
Lymphomagenesis, Morphology, Variants,
Immunophenotype, Prognostic Factors,
Transformation

Prabhjot Kaur

Introduction, with a Case

Case

A 60-year-old woman presented with lower abdominal pain, anorexia, fatigue, sig-
nificant weight loss, and lower extremity weakness. CT scan revealed enlarged
Ilymph nodes in retroperitoneal, mesenteric, pelvic, right inguinal, porta hepatic,
cervical regions, and lytic lesions in her thoracic, lumbar, and sacral spine. She was
HIV negative.

The cervical lymph node biopsy showed an effaced architecture by irregular
closely packed back-to-back follicles lacking polarization and with attenuated man-
tle zones. They were composed of small cleaved centrocytes, with rare centroblast,
and did not show tingible body macrophages. The centroblast were not more than
3-4/HPF averaged over 10 high-power fields. The neoplastic lymphocytes were
positive for CD20, CD10, Bcl6, Bcl2, and Ki-67 which showed a low proliferative
fraction. No large cell transformation was seen. Based on these features, a diagnosis
of follicular lymphoma grades I-II was made. The bone marrow biopsy was nega-
tive for lymphoma (Fig. 1.1).
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Fig. 1.1 Top left: lymph node effaced by a nodular back-to-back proliferation. Top right: neoplas-
tic infiltrate comprises mostly of small cleaved lymphocytes

Definition

Follicular lymphoma (FL) is the most common type of indolent adult non-Hodg-
kin lymphoma (NHL) [1]. It is composed of cells derived from germinal center
B cells that demonstrate IgV genes with extensive and ongoing somatic hyper-
mutation (SHM) — the hallmark of germinal center cells [2, 3]. The lymphoma
shows, at least partially, a follicular growth pattern and contains cells that are
typically centrocytes and centroblasts. Lymphomas containing centrocytes and
centroblasts with an entirely diffuse pattern may be included in this category.
Lymphomas containing only centroblasts are considered evidence of progres-
sion to diffuse large B-cell lymphoma (DLBCL). Four variants are recognized:
(1) in situ follicular neoplasia;(2) duodenal-type FL; (3) testicular FL; and (4)
diffuse variant of FL. Approximately 90% of FL carry the chromosomal translo-
cation t(14;18)(q32;q21) as a primary oncogenic event. This translocation juxta-
poses the BCL2 oncogene from 18g21 next to the immunoglobulin heavy chain
(IGH) locus in 14q32. Primary cutaneous follicle center lymphoma and pediat-
ric-type FL (PTFL) are biologically and molecularly distinct entities and there-
fore considered as distinct entities by the updated World Health Organization
classification [1].
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Epidemiology

Follicular lymphoma is a disease of adults and rarely seen in patients aged <18 years.
The median age at presentation is the sixth decade of life with male to female ratio
of 1:1.7. According to the Surveillance, Epidemiology, and End Results (SEER)
Program, the number of new cases of follicular lymphoma, in the USA, was 2.7 per
100,000 men and women per year. [https://seer.cancer.gov/statfacts/html/follicular.
html]. The number of deaths was 0.5 per 100,000 men and women per year with a
median survival of 10 years. These rates are age-adjusted and based on 2012-2016
cases and deaths. The disease is most seen in Whites, followed by Hispanics, Blacks,
Asians/Pacific Islanders, and Native Americans [4]. A higher incidence has been
observed among individuals of Asian descent born in the USA than in those born in
Asia, which supports an environmental component in the risk of FL in addition to
genetic and ethnic factors [5]. Pediatric-type FL comprises <6.5% of childhood
lymphomas, with a median age range of 7.5-11.7 years at diagnosis and a male to
female ratio of 4:1 [6].

Genetic Susceptibility

FL has an increased incidence in patients with a family history of lymphoma in first-
degree relatives [7]. Genome-wide association studies found that multiple single-
nucleotide polymorphisms (SNPs) in human leukocyte antigen (HLA) class I and 11
genes on chromosome 6p21.3 significantly influenced FL risk. These findings high-
light a central role for antigen presentation in FL pathogenesis. In addition, FL risk
was strongly associated with homozygosity at HLA class II loci. The premise is that
homozygosity at HLA loci reduces the diversity of peptides that can be presented
that may include infectious agents, self-antigens for atopic or autoimmune condi-
tions, and neoplastic cells. At present, there is a growing body of literature support-
ing that HLA heterozygotes are more resistant to infectious diseases, and accordingly
HLA homozygotes are more susceptible to antigens (infection, immune, or neoplas-
tic cells) [8, 9]. SNPs are localized near potential and proven oncogenes: BCL2 at
18¢21.3, CXCRS at 11g23.3, ETSI at 11g24.5, and PVTI at 8¢24. These results
suggest that germline variation in pathways involved in B-cell apoptosis, GC func-
tion, or modulations in FL cell-tumor microenvironment (TME) interactions influ-
ence disease progression [10].

Environmental Exposure Agricultural exposure to pesticides and herbicides has
been associated with increased risk. In a case-control study, it was shown that farm-
ers exposed to pesticides carried an extra burden of activated t(14;18)* B cells.
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These cells recapitulate the hallmark features of developmentally blocked FL cells,
with some displaying aberrant activation-induced cytidine deaminase activity linked
to malignant progression. In a follow-up period of 9 years, the frequency of t(14;18)*
B cells was much higher as compared to the control group, adjusted for age [11, 12].

Pathobiology

It is recommended that we review normal B-cell development before we delve into
the pathobiology of follicular lymphoma (the next section), because follicular lym-
phoma cells pretty much manipulate this system to its advantage.

Normal B-Cell Development

The B-cell receptor (BCR), the signature that defines a B cell and its molecular
pathway, are important to understand normal B-cell physiology and the aberrancies
that result in neoplasia. Therefore we will start by briefly reviewing some basic
immunology of the BCR and the B-cell receptor (BCR) signaling pathways that are
critical to the development and maturation of normal B cells. This leads to biologi-
cal responses including activation, tolerance, and/or differentiation, depending on
the nature of the stimulus and the differentiative state of the B cell [13-15].

The B-cell receptor (BCR) is a transmembrane receptor protein located on the
B-cell membrane with more than 10*-10° copies per cell [16]. The BCR includes
sIg (IgM, IgD) and the Ig-oa/Ig-P heterodimer (CD79a and CD79b). The slg (IgM,
IgD), the basic unit of the antibody, is composed of two identical heavy chains and
two identical light chains with variable amino terminal region and a constant
carboxy-terminal region. The variable amino terminal is made of a unique and ran-
domly determined antigen-binding site that is mediated via somatic gene recombi-
nation that occurs in the developing B lymphocyte and results in a highly diverse
repertoire of immunoglobulins [17]. The IgH gene loci are located in chromosome
14q32.3 and contain many different variable (V), diversity (D), and joining (J) gene
segments. There are about 80 VH segments (that include about 50 functional seg-
ments that can be grouped according to their homology in 6—7 VH subgroups/fami-
lies), about 27 DH segments, and 6 functional J segments that undergo V-D-J
rearrangement that generally starts with a D to J rearrangement followed by a V to
D-J rearrangement. The most frequently used VH gene segments in normal and
malignant B cells belong to the VH3 family (30-50%), VH4 family (20-30%), and
VHI family (10-20%), together covering 75-95% of VH usage [18]. Likewise the
IgK light chain, locus on chromosome 2p11.2, and IgL light chain on chromosome
22q11.2 have many distinct V and J segments, without the D gene segment, that
undergo V to J rearrangements. The rearrangements generally follow a hierarchical
order; first the /GH genes rearrange, then /GK, potentially resulting in IgH/kappa
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expression or should the kappa rearrangements be unproductive, and it is followed
by IGL rearrangement leading to IgH/lambda expression. These require the pres-
ence of recombination-activating genes RAG1 and RAG?2 that are involved in rec-
ognizing and cutting the DNA at the recombination signal sequences (RSS) located
adjacent to the V, D, and J gene segments. The sequences between rearranging gene
segments are generally deleted in the form of a circular excision product called
B-cell receptor excision circle. The unique cell surface receptors are supported by
the “one-cell-one-antibody” hypothesis that is based on allelic exclusion. This
model proposes that a productive VHDJH rearrangement prevents an additional
VH-to-DJH rearrangement [19]. This combinatorial repertoire is estimated to be
~2 % 109 Ig molecules. At this stage, the monomorphic pseudo-L chain (VpreB +15)
is also synthesized, permitting the surface expression of the VHDJH —p + VpreB
+A5 complex (pre-B-cell receptor). In addition, the enzyme terminal deoxytransfer-
ase may introduce additional nucleotides at the D-JH and VH —DJH junctions,
thereby increasing diversity of the V regions of developing B cells that adds to the
total repertoire estimated >10'2. These productive rearrangements on both heavy
(IgH) and light (IgL) chains result in the formation of a BCR of IgM and/or IgD
isotype. At this point the B cell can express individual IgM or IgD or both IgM and
IgD. These B cells are considered naive B cells and are ready to move out of the
bone marrow to reach the lymphoid regions of the lymph node, spleen, or intestinal
payers patches.

The mature B cells in peripheral lymphoid tissues can follow two maturation
pathways.

Germinal Center Pathway The B cells can traverse the germinal center [20]
where the follicular B cells respond to the antigens via T-cell help that induces
V-gene mutations in germinal center B cells. The B cells that give rise to germinal
centers initially have to be activated outside follicles with the help of interdigitating
cells and T-cell help and start out as oligoclonal blasts. These blasts undergo massive
clonal expansion and activate hypermutation in the immunoglobulin-variable (Ig-v)-
region genes. The proliferating blasts, centroblasts, occupy the dark zone and give
rise to centrocytes that fill the light zone. The light zone contains a rich network of
follicular dendritic cells (FDC) that have the capacity to take up antigen and hold
this on their surface for periods of more than a year. The antigen is held as an immune
complex in a native unprocessed form; but the antigen may be taken up from FDC
by B cells, which can process this and present it to T cells. Centrocytes appear to be
selected by their ability to interact with antigen held on FDC. Those that cannot
interact with the FDC undergo apoptosis. Centrocytes also get their survival signals
by cross-linking centrocytes’ surface Ig and signaling through their surface CD40.
The centrocytes then acquire characteristics of memory and plasma cells [21].

Non-germinal Center Pathway The other pathway is via the marginal zone where
marginal zone B cells respond to antigens, most often carbohydrates of encapsu-
lated bacteria or viruses, without T-cell participation. T-cell-independent antigenic
stimulation may or may not induce V-gene mutations in marginal zone B cells [22—
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Fig. 1.2 Normal naive B cells undergo V(D)J recombination, and functional naive B cells mature
via two pathways in the periphery. In the germinal center, they bind to antigen via interaction with
CD4+ T cells and follicular dendritic cells. They experience rapid proliferation and somatic hyper-
mutation (SHM) and class-switch recombination (CSR). The second maturation pathway is via the
marginal zone and is T-cell independent. They may or may not undergo V-gene mutation. Memory
cells without V-gene mutations that derive from T-cell-independent stimulation are often referred
to as antigen-experienced B cells, to distinguish them from memory cells with somatic mutations

Naive B cell
Memory cell

26]. Both the T-cell-dependent and T-cell-independent pathways lead to either
plasma cells or memory cells. Memory cells without V-gene mutations that derive
from T-cell-independent stimulation are often referred to as antigen-experienced B
cells, to distinguish them from memory cells with somatic mutations [27] (Fig. 1.2).

Antibody Diversity

Antibody diversity is produced during both stages of B-cell development, that is, in
pre-B cells in the bone marrow, omentum or liver, and in the mature B cells in the
germinal centers of lymph nodes. In pre-B cells, rearrangement of variable (V),
diversity (D), and joining (J) gene segments result in combinatorial diversity, and
junctional diversity occurs at the site of V-D-J gene combination (where deletion or
nontemplated insertion of nucleotides occurs by nTDT). This produces the primary
repertoire of immunoglobulin (Ig) receptors.

In mature B cells, Ig receptors undergo somatic hypermutation (SHM) both dur-
ing affinity maturation (AM) and class-switch recombination (CSR), to produce the
secondary repertoire of antibodies. In this SHM process, many non-random, single-
base changes result in diversification of the Ig V repertoire [28, 29]. The process is
called hypermutation as the rate of V-region mutations, ~1073 per base pair in one
generation, is roughly a million times greater than normal somatic mutation. AM is
a process by which T-follicular helper cell-activated B cells produce antibodies with
increased affinity for antigen during the course of an immune response. With each
exposure to an antigen, the centrocytes undergo more mutations in the IG receptors
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in order to create receptors that will bind the antigen with stronger avidity.
Centrocytes that fail to do this die. CSR is a mechanism by which B cells change
their isotype from IgM/or IgD to IgG, IgA, or IgE. During this process, the constant
portion of the antibody heavy chain is changed, but the variable region of the heavy
chain stays the same. Each time the constant portion is attached to the variable por-
tion, mutations are introduced at the junctions that increase their diversity [30].
Somatic hypermutations (SHM) are generated by deamination. These are intro-
duced by the enzyme activation-induced (cytidine) deaminase (AID). AID produces
diversity by converting cytosine to uracil which removes an amine group from cyto-
sine to generate a uracil. The cytosine: guanine pair changes to a uracil: guanine
pair. Since uracil residues are not normally found in DNA, these mutations are “cor-
rected” and what follows is more mutations [31, 32]. There are series of enzymes
and DNA polymerases that function in tandem to generate mutations; otherwise it
is the nature of DNA to repair precisely. In brief, once cytosine is converted to uracil
by AID, there are several pathways that can follow. One is replication — here high
fidelity DNA-replicating enzymes (polymerases) recognize U as thymine (T) and
pair it with adenine (A). This essentially results in a transition from G-to-A and
C-to-T (remember A and G are purines and T and C are pyrimidines; normal pairing
is A-T and G-C.). Another pathway is removal of uracil by uracil-DNA glycosylase
(UNG), to create an abasic site. Low fidelity polymerases bypass the resulting gap
during replication, filling it more or less at random (can result in both transition and
transversion). In another “error-prone base-excision repair,” the gap may be incor-
rectly filled in by DNA polymerase, which erroneously inserts thymine opposite
guanine. In the “short-patch repair synthesis,” polymerase can fill in the gap and
synthesize several bases by strand displacement opposite adenines and thymines.
These involve the mismatch-repair proteins MSH2 and MSHG6 and polymerase [33,
34]. In summary, the resulting U:G mismatch can be alternatively recognized and
processed by base excision repair (BER) or mismatch repair (MMR) pathways,
leading either to point mutations, in the case of SHM, or to double-strand breaks
(DSBs) followed by a recombination reaction, in the case of CSR [32, 35, 36].
Another less understood is the strand-biased mutation signature [37]. If muta-
tions were random with equal frequencies on both strands, then transition mutations
A — G on one of the strands should be of the same frequency as of its Watson-Crick
reciprocal complement, T — C, on the same strand. However, there is data to sug-
gest that mutations from A sites (A — T, A - C, A - G) were at least two- to
threefold excess over mutations at T sites (T — A, T — C, T = G), an imbalance not
explainable by the base composition in the mutated V(D)J target region analyzed
[37]. Analysis of somatic hypermutations in xeroderma pigmentosum variant
patients (who are deficient in the enzyme polymerase-eta) by Gearhart PJ et al. fur-
ther shows that the striking A-T mutations occur more on the non-transcribed strand
in all mouse and human collections of somatically mutated V(D)J sequences [38],
and these mutations are allowed to propagate due to the DNA polymerase-eta an
“error-prone” DNA polymerase. In the DNA repair and replication model, repair
has to be precise; however, in some situations an error can cause complete stall in
replication, which may be very dangerous to the individual organism. In these cases,
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to copy a DNA with some error may help in survival [39]. An error-prone DNA
polymerase (polymerase-eta) specifically in this context of SHM can propagate
mutations generated in the non-transcribed strand and therefore help in SHM
[38, 40].

Additional explanation of increased mutations in the antibody binding site comes
from understanding the nucleotide composition of these antigen-binding sites. The
variable region is responsible for antigen recognition and contains the antigen-
binding sites called the complementarity-determining regions (CDRs) with inter-
vening framework regions (FR regions). Chang and Casali [41] in their study
showed that the CDR and FR sequences differ significantly in their inherent suscep-
tibility to amino acid replacement as compared to the result of random nucleotide
changes [42]. For every codon representing an amino acid, there are total of nine
possible single-base substitutions for its three nucleotides, and a viable substitution
results in a replacement (R) amino acid, and a non-viable combination such as a
stop codon results in a silent (S) mutation. For example, as cited by the authors, in
the codon AGC that codes for “Ser,” a single-nucleotide change in any of the three
positions (therefore total nine possible), there are eight possible amino acids (Cys,
Arg, Gly, Ile, THr, Asn, Arg) and one stop codon. Another example ATG coding for
Met could result in nine possible amino acids, and CTG could result in five possible
amino acids (Fig. 1.3). They noted that the CDR sequences of all the Ig V; genes
analyzed contain a higher frequency of codons susceptible to replacement muta-
tions than would be expected for a random sequence. Further, the FR sequences
comprise codons less susceptible to replacement mutations than expected for a ran-
dom sequence. So random accumulations of nucleotide changes in CDRs yield a
higher rate of amino acid replacements than in the FRs and conceptually make sense
as these are under pressure to mutate to provide the best fit for antigen, while the FR
sequences need to be preserved in structure in order to provide the scaffolding for
the antigen-contacting CDRs. What we need to understand is that this mechanism
of mutations is a mechanism of cancer. This is indeed a tightly controlled pathway
where mutations help in creating diversity and immune protection.

Microenvironment in the Bone Marrow and Germinal Centers The develop-
ment of normal B cells from early progenitors requires their interaction with their
microenvironment including the stromal cells, T cells, and chemokines along with
their unique transcription factors. The development of B-cell precursors through the
various stages, termed pro-B cells, pre-B cells, B cells (at which point they exit the
BM environment), requires the presence of secreted factors in bone marrow niches
such as CXC-chemokine ligand 12 (CXCL12), FLT3 ligand(FLT3L), (IL-7), stem-
cell factor (SCF), and receptor activator of nuclear factor B ligand (RANKL), as
well as the coordinated expression of specific transcription factors, such as Ikaros,
transcription factor E2A, early B-cell factor (EBF), and PAXS5 [43]. The chemo-
kines play an essential role in maintaining the quiescent HSC pool and the niches
where HSCs reside. These niches are close to the marrow vasculature or to the
endosteum. CXCL12 (or stromal cell-derived factor 1 (SDF1)) belongs to a large
family of structurally related chemo-attractive cytokines and is a growth-stimulating
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Fig. 1.3 CD40-CD40I interactions play a significant role in germinal center formation. (Adapted
from Wykes M et al. [51] and Gatto et al. [59])

factor for the B-cell precursor clone. The primary physiologic receptor for CXCL12
is CXCR4, a heptahelical receptor coupled to heterotrimeric guanosine triphosphate
(GTP) binding proteins. CXCL12 and CXCR4 are essential for B-cell development
and colonization of bone marrow by hematopoietic cells [44]. FLT3L (also known
as FLK2 ligand) is a ligand for FLT3 (also known as FLK?2), which has sequence
and structural homology to the class-III-receptor tyrosine kinases that include the
macrophage colony-stimulating factor (M-CSF) receptor (c-fms). These are impor-
tant in maintaining and development of immature B-cell precursors [45]. IL-7 and
its receptor IL-7R are involved in the B-cell differentiation and induce the expres-
sion of myeloid-cell leukemia sequence 1(MCL1) to mediate the survival of B-cell
precursors and also induce the recombination of D-heavy chain to distal V-heavy
chain segments in pro-B cells [46]. The transmembrane protein RANKL is a tumor
necrosis factor (TNF) family member that is essential for the development of osteo-
clasts and for bone remodeling [47]. All the factors required for B-cell development
in the bone marrow are provided by the cells located in the bone marrow and deliver
to the appropriate B-cell precursor at the appropriate stage of development. The
cells in the bone marrow that create the specific micro environmental niches are the
osteoblasts, the stromal/reticular cells that produce high level of CXCL12, IL-7-
expressing cells (Fig. 1.3)

Mature B cells migrate to secondary lymphoid organs where they are exposed to
antigen within the germinal centers (GCs) of secondary lymphoid follicles. Here B
cells regulate their chemokine receptors CXCRS5, CCR7, and CXCR4 in order to
successfully transit the GC while undergoing the centroblast and centrocyte stages
to finally evolve into memory B cells or plasma cells. Their respective ligands
CXCL13, CCL19/21, and CXCL12 are secreted by the stromal cells. The light
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zones are enriched with FDCs that function as antigen reservoirs for selection of
high-affinity GC B-cell clones. FDC are intimately associated with the GC B cells
and provide important signals for GC B-cell survival and select those that will
become memory cells, otherwise the B cells undergo programmed cell death. They
present the major antigen-trapping mechanism of the immune system, which binds
antigen in the form of immune complexes for long periods of time and presents
these complexes either directly or in the form of immune complex-coated vesicles
(iccosomes) to the B cells. B cells adherent to FDC remain viable. FDC express
high levels of the adhesion receptors intercellular adhesion molecule 1 (ICAM-1
(CD54)) and vascular cell adhesion molecule 1 (VCAM-1), while the B lympho-
cytes express lymphocyte function-associated antigen 1 (LFA-1 (CD11a/18)), very
late antigen 4 (VLA-4 (CD49d)), and CD44. Both the LFA-1/ICAM-1 and VLA-4/
VCAM-1 adhesion pathways are involved in FDC-B lymphocyte binding and are
essential in affinity selection of B cells with subsequent formation of B memory
cells. Koopman et al. showed that disruption of B-cell-FDC clustering by addition
of monoclonal antibodies against CDla, CD49d, CD54, or VCAM-1 (CD106)
results in apoptosis of the B cells [48, 49]. Also present are follicular T helper (TFH)
cells that provide important signals for GC B-cell survival. CD40, a member of the
tumor necrosis factor receptor family, is expressed by B cells, antigen-presenting
cells and induces B-cell growth and differentiation. CD40L (CD154) is produced by
T cells, antigen-presenting cells granulocytes. B cells also express CD40L on their
surface following activation and can release a soluble form of the ligand. B-cell-
derived CD40L plays an autocrine role in B-cell proliferation and GC formation.
The latter explains the continued GC growth in an environment where T cells
account for only 5-10% of the GC and predominantly located in the light zone and
perhaps lack the physical ability for the cell-to-cell contact with the large number of
B cells in the dark zone [50, 51]. The CD40-CD40L (CD154) interaction is crucial
to the development of T-dependent immune responses and provides signals to B
cells for B-cell proliferation, immunoglobulin switching, antibody secretion, and
rescue from apoptosis at different times during the life of a B cell and a significant
role in the development of germinal centers and survival of memory B cells [51-
55]. B cells proliferate and acquire high rates of mutations in their immunoglobulin
variable region (IgV) genes through the process of somatic hypermutation (SHM).
The B cells either traverse the centroblast to centrocyte journey as sequential events
described as “cyclic reentry model” or undergo alternating proliferation-dependent
migration between the light and dark zones. This analysis indicated that GC B cells
in both the light and dark zones are highly mobile and morphologically similar,
exhibiting irregular, constantly changing shapes. Cytokine signals also play a cen-
tral role in triggering the molecular events that lead to the onset of immunoglobulin
class-switch recombination (CSR) and thus the production of IgG, IgE, and IgA
expressing B cells.

The microenvironment of GC allows maturing B cells to interact with CD4* T
cells for the necessary help on Ag recognition and with specialized follicular den-
dritic cells (FDCs), for the required quality control after affinity maturation. The
antigen encounter triggers the proliferation, maturation, and final differentiation
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into effector plasma cells (PCs) and memory B cells [21, 56-60]. The GC reaction
and the differentiation of B cells into PCs and memory B cells are regulated by a
network of tightly regulated transcription factors that are up- or downregulated dur-
ing different stages of the naive B cell, centroblast, centrocyte, and finally to a mem-
ory B cell or plasma cell. These include B-cell lymphoma (BCL)-6, PAXS5 — a gene
considered specific for B cells, B lymphocyte-induced maturation protein
(BLIMP)-1, X-box binding protein 1 (XBP-1), interferon regulatory factor (IRF)-4,
and signal transducer and activator of transcription (STAT) factors STAT1-5 [61].
The BCL6 gene encodes B-cell lymphoma 6 protein, which is expressed in GC B
cells and is considered as the master regulator of normal GC formation.
Downregulation of BCL6 is necessary for B-cell terminal differentiation. Upon anti-
gen stimulation, TFH cells upregulate the expression of CD40L, which binds CD40
on B cells. This engagement activates nuclear factor-kB (NF- kB) canonical path-
ways and induces expression of the transcription factor interferon regulatory factor
4 (IRF4) in B cells. IRF4 in turn downregulates the expression of BCL6, enabling
terminal differentiation of GC B cells to post-GC lymphocytes. GC B cells are
intrinsically prone to apoptosis because of their pro-apoptotic program of gene
expression characterized by low levels of BCL2 and BCL-XL and high levels of
BIM and Fas (CD95). Therefore GC B cells require antigen-mediated survival sig-
nals, and should they not receive these survival signals, it leads to their apoptosis in
situ [59] (Fig. 1.4).

BCR Signaling Signals received through B-cell surface receptors are transferred
to the nucleus by a cascade of interacting molecules whose structures are temporar-
ily modified during the process. These modifications frequently involve the attach-
ment of phosphate groups to tyrosines of target proteins by specific enzymes.
Engagement of the BCR by Ag leads to the phosphorylation of ITAM (immunore-
ceptor tyrosine-based activation motif) present in the BCR-associated Iga- and Igb-
chains [62], by Src family kinases (SFKs) and spleen tyrosine kinase (Syk) [63],
and results in recruitment of the signalosome [64]. This is a complex of kinases and
scaffold proteins tethered at the plasma membrane at sites of sIg activation. The
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signal transduction cascade that ensues activates a number of effector pathways,
such as the P13K pathway [65]; the mitogen-activated protein kinase (MAPK) path-
way [66, 67]; nuclear factor-kB (NF-kB) [68], which permit many distinct out-
comes, including survival, tolerance (anergy) or apoptosis, proliferation, and
differentiation into antibody-producing cells; or memory B cells depending on bal-
ancing of the signaling cascades (Fig. 1.5).

Pathobiology of Follicular Lymphoma

FL cells resemble both morphologically and functionally, with normal germinal
center B cells. The tumor cells proliferate in networks of follicular dendritic cells
and are capable of somatic hypermutation and isotype switching. The variable
heavy VH chain genes of FL samples are heavily mutated, and, in addition, isotype-
switched lymphomas contain more somatic mutations than immunoglobulin
M-positive lymphomas [69]. The lymphoma cells also demonstrate ongoing AID
activity, like the normal germinal center cells undergoing SHM and CSR [70].

FL follows a complex multistep process of lymphomagenesis that occurs through
several stages of B-cell differentiation. It can be broadly be classified under three
successive steps: (a) initiating genetic event t(14; 18) with enforced ectopic
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expression of BCL2 in GC-activated B cells leading to their inappropriate rescue
from cell death; (b) maturation arrest and accumulation as centrocyte-/centroblast-
like cells with ongoing AID activity; and (c) accumulation of oncogenic hits, partly
because of AID-mediated genomic instability [11] (Figs. 1.6 and 1.7).
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The initiating genetic event found in 90% of FL is the t(14;18), between the
immunoglobulin heavy chain (IGH) gene promoter regions and the B-cell lym-
phoma/leukemia 2 (BCL2) proto-oncogene, and the transcripts produced consist of
the 5" half of the Bc12 mRNA fused to a “decapitated” immunoglobulin heavy chain
mRNA [71]. The t(14; 18)(q32; g21) translocation essentially results from a mistake
of V (D) J recombination and juxtaposes the BCL2 proto-oncogene with the non-
expressed immunoglobulin heavy chain (IGH) allele. By consequence, the translo-
cated genes become regulated by the powerful IgH enhancer leading to the
constitutive expression of the anti-apoptotic BCL2. This translocation is acquired in
the bone marrow during Ig heavy chain rearrangement, at the time of attempted DH
to JH rearrangement, the earliest stage of Ig gene joining in a pre-B cell. This was
illustrated when it was seen that the Ig diversity (DH) segments are present at the
juncture with 18q21 at the der(18) breakpoint, while Ig joining (JH) segments fused
with 18q21 at the der(14) breakpoint [72]. Most breakpoints on chromosome 18
cluster at two sites: in a 150-bp region in the 3’ noncoding portion of the third exon
of the BCL2 gene, labeled as the major breakpoint region (MBR), and the 20- to
30-kb downstream region, known as the minor cluster region (mcr). Breakpoints are
also seen on chromosome 18 located between MBR and mcr, referred to as the
intermediate cluster region (icr). Occasional additional breakpoint clusters seen are
referred to as 3' BCL2 and 5" mcr [73-76] (Fig. 1.8).

The t(14; 18) enforced ectopic expression of BCL2 in GC-activated B cells,
leads to inappropriate rescue from cell death [77]. Under physiological conditions,
B cells lack BCL2 and undergo apoptosis if out-competed during somatic hypermu-
tation and selection. Given their abnormal expression of BCL2, B cells with t(14;18)
can escape the normal apoptotic process allowing for prolonged life spans and
acquisition of additional oncogenic events. Nucleotide sequence analyses further
confirm that the hybrid transcripts continue to encode a normal Bcl2 protein. The
t(14;18) translocation alters the expression of the Bcl2 gene both by transcriptional
activation and by abnormal posttranscriptional regulation of Bcl2 mRNA [71]. The
Bc12 gene in a normal lymphocyte is regulated in a nearly inverse fashion compared
with Ig. Bcl2 mRNA is high in pre-B cells but downregulated with differentiation,
while Ig mRNA increases with terminal differentiation to a plasma cell. The intro-
duction of Bc12 into the Ig locus results in a deregulation that manifests as inap-
propriately high levels of Bcl2-Ig fusion transcripts at a mature B-cell stage of
development.

e B gene
& 4{ MBR Hq 3'BCI2 }‘H |CRHH MCR W 5’MCR }‘ 5
= |

= T
c I!m" il




1 Follicular Lymphoma: Definition, Epidemiology, Pathobiology — Lymphomagenesis... 15

It is well established that t(14;18) is not sufficient for tumor progression, as B
cells bearing this translocation are also detected at very low levels in the blood from
50% to 70% of healthy individuals who will never develop FL, at an average rate of
0.1-10 cells per million [78]. The frequency of cells carrying the translocation
appears to increase with age, smoking, and pesticide exposure, and such cells may
be less common in ethnic groups with a lower incidence of FL [78, 79]. A subset of
these circulating t(14;18)-bearing cells forms an expanding clonal population of
atypical B cells. Contrary to what appears logical that these would be naive B cells,
Roulland et al. show that these cells exhibit memory B-cell phenotype and demon-
strate CSR. Further, despite CSR in more than 80% of cases, most FL cells express
IgM, and only a minority expresses IgG, IgA, or no Ig. This is “allele paradox”
when there is simultaneous presence of sIgM*D* on the productive allele and of
CSR on the nonfunctional allele. In this scenario, despite evidence for class-switch
recombination, a functional surface immunoglobulin M (IgM) is expressed and sus-
tains cell survival signals and indicates the presence of selective pressure in favor of
IgM expression on the t(14;18)-positive B-cell population that is at the same time
permanently driven to switch. It is important to note that the presence of this allelic
paradox is in sharp contrast with the features of the peripheral memory B-cell
(IgM*IgD*CD27* B cell) subset that are usually devoid of CSR both on the produc-
tive and the nonproductive alleles. The t(14;18)-bearing cells retain GC functional-
ity via expression of proteins such as B-cell lymphoma 6 (BCL6) and
activation-induced cytidine deaminase (AID) and have been termed follicular
lymphoma-like cells (FLLCs) [80, 81]. They display genotypic and phenotypic fea-
tures of FL and are prone to constitute potent premalignant FL niches [§2-84]. In
mice models, BCL2-overexpressing B cells require multiple GC transits before
acquiring FL-associated developmental arrest and progression to advanced precur-
sor stages of FL [85]. Similar paradigm exists in humans. During this process, fur-
ther genetic alterations may be added by the effect of activation-induced cytidine
deaminase (AID), a DNA editing enzyme that is responsible for both CSR and
somatic hypermutation (SHM). These two mechanisms confer a high propensity for
further oncogenic aberrations in the context of accumulating genomic instability
(e.g., BCL6/p53) [86]. At some point during these multiple GC transits, these
FLLCs commit to being a committed FL cancer precursor cell (CPCs).

Microenvironment Manipulation, Epigenetics, and BCR Promote Growth of
FL Cells Follicular lymphoma precursor cells or committed FL cancer precursor
cells (CPCs) occupy the germinal centers and in this microenvironment, with mul-
tiple GC re-entries, develop to full-fledged follicular lymphoma. The molecular sig-
nals are similar to developing centroblasts and centrocytes in a normal germinal
center. This is not surprising as the germinal center (GC) B cells manifest many
hallmarks of cancer cells. The microenvironment includes immunocompetent lym-
phocytes, stromal cells, and the extracellular matrix. FL cells, like normal GC cells,
express the transmembrane receptor CD40, a member of the tumor necrosis factor
receptor (TNFR) family that induces B-cell growth and differentiation; its ligand,
CD40L, is expressed on Tgy. Chemokines such as CXC chemokine ligand 12
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(CXCL12) and CXCLI13 that regulate growth are secreted by stromal cell subsets,
FDCs, and bind to CXCRS that are present both on Tgy cells and FL cells. The
CD40 signaling in FL cells leads to increased secretion of IL-4 that in turn activates
STAT6-mediated signaling in FL cells, enhancing cell survival. In addition, IL-4
increase the secretion of CXCL12, which regulates B-cell trafficking between the
dark and light zones of the normal GC and increases recruitment, homing, and
migration of FL cells. PD-1 is expressed on both dysfunctional CD4+ and CD8+ T
cells and on fully functional TFH cells. PD-1+ TFH cells co-expressing CD10
secrete high amounts of IL-4, IL-21, and TNF, thereby stimulating the growth of FL
cells. Tumor cells evade the antitumor immune response via signals from a variety
of cells such as TFH cells, cytotoxic T lymphocytes, and macrophages. The micro-
environment also promotes immune evasion mechanisms by the lymphoma cells by
reducing tumor immunogenicity, inhibition of immune effectors, and infiltration by
immunosuppressive cells [10, 81, 87-89].

An important feature of FL is that, despite the loss of one Ig allele by the t(14;18)
translocation, surface immunoglobulin (sIg) is retained, suggesting that a signal
provided through the B-cell receptor (BCR) itself and/or its downstream signaling
pathway is critical for cell survival. Selective maintenance of a surface IgM in most
FL cases might be explained by the fact that IgM signaling promotes the survival
and proliferation of B cells, whereas an IgG BCR signaling favors plasmacytic dif-
ferentiation [90]. It is seen that IgM (+) FL B cells activate a stronger BCR signaling
network than IgG (+) FL B cells and normal GC B cells. This results in sustained
stimulation of the BCR and its signaling pathways such as NF-xB, MAPK, and
PIBK-AKT, which promote proliferation and survival of both normal GCs and
malignant B cells. BCL2+ memory B cells support multiple iterative GC entries
upon repeated antigen challenge, which promotes AID-induced mutations in a
mutagenic environment and, in turn, propagates clonal evolution toward FL pro-
gression [85].

Antigen-independent BCR signaling is seen due to somatic mutagenesis in the
variable regions of immunoglobulin heavy and light chain genes. In FL, variable Ig
regions are frequently N glycosylated (80% compared to 10% in normal B cells).
The introduction of N-glycosylation sites occurs during somatic hypermutation, and
these acceptor sites harbor unusual high-mannose oligosaccharides. The carbohy-
drate modifications modulate interactions with surface structures (C-type lectins,
dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN), and mannose
receptors) present on other cells such as macrophages and FDCs. Additionally the
immunoglobulins on FL cells that bind DC-SIGN are not internalized and stay on
the membrane, creating a persistent signal [91]. Increased BCR signaling FL. was
confirmed by demonstrating sustained activation of BCR-associated proteins such
as BTK, SYK, and ERK in lymph node biopsies. It is seen that pharmacologic BCR
inhibitors abolished such crosstalk between macrophages and FL B cells [92-94].

EpigeneticDysregulationProvideAdditionalSurvivalPathways [81] Epigenetic
modifications involve addition and removal of chemical groups to DNA or his-
tones. Follicular lymphoma depends on deregulated epigenetic control of gene
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expression. Genetic alterations in chromatin-modifying genes that are present
alone or in combination include mutations in the H3K4 histone methyltransferase
KMT2D (also known as MLL2). These are the most frequent abnormality, found
in 80-90% of patients with FL. Mutations in enhancer of zeste homologue 2
(EZH2), the catalytic subunit of the polycomb PRC2 complex involved in histone
methylation, are found in >25% of cases. Mutant EZH2Y641 with reduced MHC
expression favor tumor progression with acquired immune escape. Deleterious
and/or loss of function mutations in the histone acetyltransferase CREB binding
protein (CREBBP) or the EIA binding protein 300 (EP330) have been reported in
about 40-70% of FL patients. Recurrent point mutations in the histone acetyl
transferase (HAT) recruiting gene myocyte enhancer binding factor 2B (MEF2B)
have been also described in 15% of FL. CREBBP mutations have been shown to
facilitate immune evasion by downregulating major histocompatibility complex
(MHC) class IT expression in FL that alter and decrease helper and cytotoxic T-cell
subset in FL. One of the commonly affected regions is chromosome 1p35, which
contains TNFRSF14. Copy number alterations, acquired copy neutral loss of het-
erozygosity, and mutations in TNFRSF14 are common in all forms of FL, includ-
ing the diffuse variant and pediatric-type FL. Mutation in HVEM (herpesvirus
entry mediator; TNFRSF14) receptor gene leads to cell-autonomous activation of
B-cell proliferation and drives the development of FL. HVEM-deficient lymphoma
B cells also induce a tumor-supportive microenvironment marked by exacerbated
lymphoid stroma activation and increased recruitment of T follicular helper (Tgy)
cells. These changes result from the disruption of inhibitory cell-cell interactions
between the HVEM and BTLA (B and T lymphocyte attenuator) receptors [95].
HVEM deficiency also induced the secretion of activating cytokines (tumor necro-
sis factor (TNF), lymphotoxin-a (LTa), and LTf), which create a tumor-supportive
environment containing more follicular helper T lymphocytes secreting interleu-
kin-4 (IL-4) and IL-21. CD19-targeted chimeric antigen receptor (CAR) T cells
that produce soluble HVEM locally and continuously have shown enhanced thera-
peutic activity against xenografted lymphomas and illustrate use of CAR-T cells
as “micro-pharmacies” that deliver anti-cancer proteins. Overall, these epigenetic
alterations shift the equilibrium away from transcriptional activation toward the
aberrant repression of gene transcription. The epigenetic dysregulation likely
cooperates to freeze the functional states of GC B cells, which are characterized by
intense proliferation and genomic instability, thus favoring their malignant trans-
formation toward FL [81, 96, 97]. Proof of concept is shown by histone deacety-
lase 3 (HDAC3)-selective inhibitors that fully reverse mutant CREBBP aberrant
epigenetic programming, resulting in the restoration of immune surveillance due to
induction of the interferon pathway and antigen presentation genes. EZH2 inhibi-
tors restore MHC expression in EZH2-mutant lymphoma cell lines [98, 99].

B cells “arrested” in germinal centers acquire dozens of additional genetic aber-
rations that influence key pathways controlling their physiological development
including B-cell receptor (BCR) signaling, Bcl6, PI3K/AKT, TLR, mTOR, NF-kB,
JAK/STAT, MAPK, CD40/CD40L, chemokine, and interleukin signaling. A small
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fraction of FL (15%) does not exhibit the classical t(14;18) but instead contains
alterations affecting BCL-6 at 3q27, including t(3;14) (q27;q32). This leads to
deregulated expression of the transcriptional repressor BCL-6, normally required
for GC formation. These FLs most often display an exclusive centroblastic mor-
phology, may be BCL2 negative, and are classified by the WHO as grade
3B. Translocation involving BCL6 — most often t(3;14) (q27;q32)/BCL6—IGH —
have been identified in 10-15% of cases of FL. Somatic mutations of BCL6 also
occur commonly. BCL6 transcription factor plays a central role in establishing the
GC phenotype in B cells, and FL too is dependent on BCL6 to maintain survival,
proliferation, and perhaps immune evasion. Mutations in STAT6 have been reported
in >10% of FL cases [97, 100-104]. Table 1.1

Cytogenetic Abnormalities In addition to t(14;18), additional genetic abnormali-
ties seen in 90% of FL include loss of 1p, 6q, 10q, and 17p and gains in chromo-
some 1, 6p, 7, 8 12q, X, and 18q [105] [WHO 2016].

The molecular analysis of the tumor at different time points of disease progres-
sion has demonstrated that lymphomagenesis follows a complex multi-hit process.
The multistep progression of follicular lymphoma is demonstrated morphologically
as a continuum from in situ follicular neoplasia(where aberrant CD10 + Bcl2+ cells
colonize germinal centers), duodenal FL (indolent FL that occupies the mucosa/
submucosa and the neoplastic B cells infiltrate outside the follicles), and partial
involvement by FL(true signs of lymphoma adjacent to reactive germinal centers)
(Fig. 1.10). The clinical course, however, likely represents the tip of the iceberg, as
a large part of this very complex process might take years, if not decades, before
diagnosis [106]. The long preclinical phase is illustrated dramatically, by the donor—
recipient pair, who synchronously developed FL (grade 2/3a) 9 and 7 years after
allogeneic transplantation and donor lymphocyte infusion, respectively. Both donor
and recipient harbored the same malignant FL clone, with over 90% of shared muta-
tions, identical Bcl2/IGH rearrangements, and the same V(D)J rearrangement. Six
additional mutations were present in only one follicular lymphoma and not the
donor lymphocyte infusion, indicating later acquisition during clonal divergence,
demonstrating acquisition at least 7 years before clinical presentation. This report
also revealed the capacity of the precursor cells to develop once transplanted in an
allogeneic host. The study provided direct proof of principle that a “committed” FL.
precursor can be present in the bone marrow (BM) and/or blood, long before diag-
nosis [107].

Clinical Features/Staging

FL is generally a systemic disease, involving lymph nodes, spleen, Waldeyer’s ring,
bone marrow, and blood. Secondary involvement of “extra nodal” sites such as the
gastrointestinal tract, soft tissue, and skin may occur at advanced stages. FL is occa-
sionally found primarily at extra nodal sites such as the skin, ocular adnexa,
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Table 1.1 Recurrent genetic alterations in FLL
Recurrent genetic
alterations in FL.
Oncogenic
Pathway Gene Function alteration Frequency (%)
BCR signaling IgH, IgL variable | BCR signaling, Gain of 80
domains promotes glycosylation | function
CARDI1 BCR-NF-kB signaling | Gain of 10-15
pathway function
FOXO0l1 Transcription factor Gain of 10
activated downstream | function
of BCR signaling
Epigenetic and
transcriptional
regulation
KMT2D Histone H3K4 Loss of 70-90
methyltransferase function
CREBBP Histone H3K27 and Loss of 50-70
H3K18 function
acetyltransferase
EZH2 Histone H3K27 Gain of 10-30
methyltransferase function
Bcl6 Transcriptional Gain of Mutations, ~5;
inhibitor function translocations,
~10
Survival
Bel2 Anti-apoptosis Gain of Translocations,
function ~85
Mutations, ~50
SOCS1, STAT6 | JAK-STAT signaling | Gain of 20
and STAT3 function
NOTCHI, NOTCH pathway Unknown 18
NOTCH?2,
NOTCH3,
NOTCH4, DTX1,
and SPEN
Immune escape
HVEM Receptor Loss of ~50%
function
EPHA7 Ephrin receptor/tumor | Loss of 70%
suppressor function
mTORCI1
signaling
RRAGC Guanine nucleotide- Gain of 10-15
binding protein function
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gastrointestinal tract, and the female genital tract. The presenting signs consist of
enlargement of lymph nodes in the neck or abdomen. Enlarged lymph nodes of the
abdomen are typically found incidentally on imaging. The symptoms include
fatigue, fever or night sweats, weight loss, or recurrent infections. Most may have
no obvious symptoms of the disease at the time of diagnosis. Extra nodal FL can
cause a variety of symptoms depending on its location, for example, patients with
bone marrow disease might develop anemia, thrombocytopenia, and/or neutropenia.
Initial diagnosis is preferably rendered on excised lymph nodes. The emphasis is
placed on excised lymph nodes as opposed to needle core biopsies. This is optimal
for delineation of different morphologic subtypes, separating from other low-grade
lymphomas, grading, and ruling out transformation to large cell/high-grade lym-
phoma. Needle core biopsies or fine-needle aspiration can be performed in the
elderly but may be limiting for differentiating all the lesions already mentioned.
Flow analysis is helpful in delineating clonality but should not be used as a substi-
tute for a complete morphologic evaluation. Bone marrow biopsies are obtained for
staging purposes. Blood tests to evaluate blood cell count, measure lactate dehydro-
genase levels, and screen for viruses such as HIV, hepatitis B virus and hepatitis C
virus, and imaging (CT and PET) are routinely performed as a part of staging to
plan the treatment [108].

Microscopy

The cytological and architectural features of FL are highly reminiscent of those of
normal germinal centers (GC). The tumor cells resemble normal centroblasts and
centrocytes that proliferate in follicles in a network of non-malignant follicular den-
dritic cells (FDC) and T cells. The neoplastic cells are small- or medium-sized cen-
trocytes with irregular cleaved nuclear profiles and mature clumped nuclear
chromatin and large transformed centroblasts cells that contain multiple prominent
eosinophilic peripheral nucleoli that may touch the nuclear membrane. Sometimes
centroblasts have irregular or multilobed nuclei. The morphology of the centro-
blasts is determined by the nuclear characteristics as these cells can be both large
and small. In rare cases, the lymphoma is composed of blastoid-appearing cells with
fine dispersed chromatin resembling lymphoblasts. They behave aggressively and
are considered equivalent to grade 3 [109]. The interfollicular component of FL
usually contains the low-grade centrocyte population, showing a low proliferative
index and downregulation of activation markers such as CD10, CD38, and CD95
and T-cell costimulatory molecules CD80 and CD86; markers normally expressed
by neoplastic follicles. The low-grade morphology and immunophenotype suggest
that these are resting cells and analogous to memory B cells of normal lymphoid
tissues. The presence of such a resting tumor cell subpopulation in the majority of
follicular lymphomas may partly account for the remarkable resistance to therapy of
this disease [110]. The lymphoma cells are admixed with different numbers of reac-
tive T cells, follicular dendritic cells (FDCs), histiocytes, granulocytes, and plasma
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cells. Some cases can show plasmacytic differentiation, with plasma cells showing
similar light chain restriction as the neoplastic follicular lymphoma cells and
t(14;18) [111].

Bone marrow studies are performed for staging. Bone marrow involvement is
equivalent to stage IV disease. FL characteristically involves the paratrabecular
regions, and the lymphoid aggregates may be associated with reticulin fibrosis.
These aggregates are difficult to aspirate, and therefore the aspirate specimens inter-
rogated by flow analysis may not show the aberrant population. Sometimes the
abnormal lymphoid infiltrates are best delineated by IHC stains for CD20. The bone
marrow neoplastic aggregates may lack staining with CD10 (due to altered BM
cytokine milieu) but can be highlighted with Bcl6 [110].

Immunophenotype

The tumor cells express B-cell markers such as CD19, CD20, CD22, and CD79a;
the GC B-cell markers BCL-6, CD38, and CD10; and membrane-bound immuno-
globulin (mIgM >mlIgG >mlIgA). Ninety percent of FLs express the anti-apoptotic
BCL2 protein owing to the t(14;18). They are negative for CD5 and CD43. Grade 3
FLs may lack CD10 but will express Bcl6 [112]. CD10 can be negative in the inter-
follicular centrocytes, in BM infiltrates, and in areas of marginal zone differentia-
tion [110]. Likewise, Bcl6 are frequently downregulated in interfollicular areas.
Germinal center markers such as LMO2, GCET1, and HGAL are positive [113].
CDS5 has been described positive in rare cases of FL, more frequently in the floral
growth pattern [114, 115]. Some FLs show CD10-/MUMI1+ phenotype [116]. The
Ki-67 proliferation index generally correlates with histologic grade. Most grade 1-2
cases have a low proliferation index (PI) <20%, while grade 3 have a P1 >20%. The
proliferation index is usually assessed in the intrafollicular areas, and both CD20
and CD3 stains should be performed along with KI-67 to ascertain the proliferation
fraction contributed by B or T cells. The PI has been a consideration in lieu of grad-
ing by centroblast count. Centroblast count is a major problem in histological grad-
ing due to considerable intra- and inter-observer variability. However, studies on PI
too have not shown reproducible results. One of the robust studies was performed
with CD20/mib-1 and CD3/mib-1 immunohistochemical double staining, thus visu-
alizing proliferating B-cells and non-tumor T cells, and more than 1000 cells were
counted. This may have limitations in practical application especially in laborato-
ries that may not have the provision for double staining. Perhaps for these reasons,
centroblast counts remain the standard for grading FLs, and the use of Ki-67, albeit
clinically justified, is not a formal requirement [1]J(WHO 2017).

BCL?2 is negative in a great majority of high-grade FLs. Some cases may show
apparent absence of Bcl2 due to mutations in the Bcl2 gene that eliminates the epi-
topes recognized by the most commonly used antibody [117]. BCL2 can be detected
by using antibodies to other Bcl2 epitopes. BCL2 is useful in separating FL from
reactive hyperplasia but not from differentiating other low-grade B-cell lymphomas
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as most of these are positive for Bcl2. Caution should be exercised while interpret-
ing BCL2 in nodules of small B cells. Nodules of primary follicles by definition are
positive for CD20+ and BCL2 and negative for CD10. It needs to be ensured that
they are CD20+/CD10+ and or BCL6+ germinal center lymphocytes that are
expressing BCL2. Additionally T cells and mantle zone cells are positive for BCL2.
Usually germinal center neoplastic B lymphocytes show a weaker expression of
BCL2 as compared to BCL2+ normal intrafollicular T cells. B-cell clonality assess-
ment and assessment for BCL2 rearrangements are performed in challenging cases.
Clonality assessment by polymerase chain reaction (PCR) tests is associated with a
high rate of false negatives, due to ongoing somatic immunoglobulin variable region
heavy chain (IgVH) hypermutations in FL. Robust multiplex PCR assays are avail-
able that have maximized the detection of the #(/4,18). The assays are capable of
amplifying across the breakpoint region in the majority of cases of FCL with a
cytogenetically defined translocation [118]. Fluorescence in situ hybridization
(FISH) is also a preferred method to detect t(/4,18)(¢q32;921) chromosomal trans-
location. FISH analysis has a greater diagnostic impact by separating follicular lym-
phoma from reactive follicular hyperplasia and from lymphomas other than
follicular lymphoma [119, 120]. This is well demonstrated by MALT lymphomas
that show t(14;18)(q32;q21); however the gene involved is not Bcl2 on chromo-
some 18 but instead is MALT1. On conventional karyotyping, both will show the
same translocation.

Grading

FL is graded by counting the absolute number of centroblasts in ten representative
neoplastic follicles (not chosen for high centroblast count), expressed per high-
power microscopy field (x40 objective, 0.159 mm?). Grade 1-2 cases have <15
centroblasts/HPF (grade 1: 0-5 centroblasts/HPF; grade 2: 6-15 centroblasts/HPF).
Currently, as recommended in the 2008 WHO classification, grade 1-2 are com-
bined as there is no clinically significant difference between grades 1 and 2. Grade
3 cases have >15 centroblasts/HPF. Grade 3 is further subdivided on the basis of the
presence or absence of centrocytes. Grade 3A has centrocytes, whereas grade 3B
are composed entirely of centroblast or immunoblasts. Immunoblasts are large lym-
phocytes with ample cytoplasm and prominent single nucleoli. If grade 3 areas are
present in a biopsy containing primarily grade 1-2, then a separate diagnosis of
grade 3 should be made, and approximate percentage of each grade should be
reported (WHO 2017) [1, 106, 121]. Diffuse areas with grade 3 cytology warrant a
diagnosis of diffuse large B-cell lymphoma (DLBCL). Grade 3B FL is biologically
more closely related to DLBCL [122]. In contrast to other FL, FL3b frequently lack
CD10 expression (approximately 50% of cases), show lower probability of BCL2
expression (70% positive), and increased TP53 expression (31% positive). The
t(14;18)(q32;q21) hallmark translocation of FL is present in <5% cases of FL3b. In
contrast, translocations affecting the BCL6 locus in 3q27 are frequent (>40%).
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There may be higher short-term mortality, but patients in remission 5 years post-
anthracycline-based therapy are likely cured [123]. Overall, FL3B in many features
resembles DLBCL. The presence of a diffuse component in FL3B has been related
to an unfavorable outcome. Thus, follicular lymphomas grade 1-3A behave indo-
lent and are incurable with conventional therapy. Grade 3B appears to be an aggres-
sive but curable disease. These however need further follow-up studies [124].

Morphologic Patterns

The lymphoma in most cases has a follicular pattern with back-to-back nodules.
The nodules are usually, poorly defined, with attenuated mantles. They lack polar-
ization of centroblasts and centrocytes, which are usually randomly distributed.
Tingible body macrophages are usually absent. The follicles may be irregular or
serpiginous. The lymphoma often extends into perinodal fat. Spread beyond the
node is associated with sclerosis, and this is most often seen in mesenteric and ret-
roperitoneal locations. Four patterns of FL are recognized in histological examina-
tions: the follicular pattern (>75% follicular); follicular and diffuse pattern (25-75%
follicular pattern); predominantly diffuse, focally follicular (<25%follicular); and a
diffuse pattern (absence of follicular areas) (WHO 2017). Staining for FDC markers
(CD21/CD23) can be used to highlight follicular pattern. The lymph node may be
partially involved in some cases with residual germinal centers present. Interestingly,
these FLs that demonstrate partial involvement of lymph nodes present also with
limited clinical stage (I/IT) disease [125].
Diffuse follicular variant is a novel FL variant characterized by:

* Presentation mostly in inguinal region.

e Diffuse growth (lack CD21-positive FDC meshworks).

* Absence of t(14;18)(q32;q21) (IgH/BcI2 translocation).

* Low-grade morphology.

e Phenotype CD10+, Bcl6+, CD23+, Bcl2-.

* Recurrent genetic aberration with deletion in chr 1p36 (that includes the gene
TNFRSF14). Cases that lack 1p36 deletion have demonstrated TNFRSF14 muta-
tions highlighting the strong association of 1p36/TNFRSF14 abnormalities with
this follicular lymphoma variant.

* The gene expression profiles fall within the spectrum of typical FL.

The neoplastic infiltrate consists of a diffuse infiltrate of centrocytes and centro-
blasts. Residual germinal centers may be present with preserved mantle zones, but
in most cases, they are ill-defined and partially colonized and can be recognized by
immunohistochemistry (CD10+, BCL6+, BCL2-, CD21+, and high Ki-67). No sig-
nificant plasmacytic or monocytoid differentiation is described. These show small
so-called micro-follicles with weak to absent Bcl2 staining. The neoplastic B cells
are CD20-positive, CD10+, and Bcl6+ and negative for CDS, CD43, Cyclin D1, and
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LEF1. CD21 stain follicular dendritic cell networks within the few residual reactive
follicles, while the lymphoma is devoid of staining. CD23 co-expression by the
lymphoma cells is described as strong and uniform. The diffuse lymphoma shows
variable expression of BCL2 and a lower proliferation index. These present as large
tumors, mostly in the inguinal region and tend to remain localized in this area with-
out dissemination. CD10 negativity can raise concern for marginal zone lympho-
mas, but the morphology, BCl6+, LMO2+, is helpful [126]. Bone marrow
involvement includes diffuse and paratrabecular involvement. This follicular lym-
phoma variant is genetically characterized by a high incidence of mutations in
STAT6 and CREBBP, loss or mutation of TNFRSF14, reduced frequency of KMT2D
mutation, BCL2 mutations, negative for t(14;18)(q32;q21) involving the IGH/BCL2
rearrangement, and lack of gain of 18q and mutation of 7P53. Treatment has ranged
from RCHOP (rituximab plus cyclophosphamide, doxorubicin, vincristine, and
prednisone) or similar chemoimmunotherapy, excision alone, or radiation alone.
Recurrences can be seen. Interestingly, CD10+ marginal zone lymphoma has been
described, curiously also involving inguinal nodes [127]. This may represent a clini-
copathologic gray zone between diffuse follicular lymphoma and marginal zone
lymphoma.

“Floral” follicle center lymphoma (FCL) is a distinct morphologic variant of
FCL first described by Osborne and Butler in 1987 and later eloquently by Tiesinga
et al. [115]. The morphology is that of lymphomatous nodules surrounded and infil-
trated by small lymphocytes of the follicular mantle, resulting in nodules with an
unusual serrated configuration. The nodules show irregular central areas composed
of centrocytes and centroblasts surrounded by intact and somewhat broadened man-
tle zones. The central areas are irregular or ill-defined owing to encroachment of
small mantle zone lymphocytes into the periphery of the germinal center. Infiltrating
mantle cells can be differentiated from centrocytes. The centrocytes are larger
(1.5x), show greater nuclear irregularity in the form of clefting, and have a more
vesicular, less hyperchromatic chromatin. The process can blur the germinal center—
mantle zone interface and can impart an appearance resembling progressive trans-
formation of germinal centers (PTGC), or can be confused with lymphocyte
dominant Hodgkin lymphoma. These lymphomas express CD20+, Cd10+, and a
significant subset express CD5. All demonstrate Bcl2 rearrangement and are clonal
by southern blot or PCR techniques. The CDS5 expression can cause confusion with
small lymphocytic lymphoma and mantle cell lymphoma. In the study cited here
[115], they show that the infiltrating mantle zone cells are CD20+, CD5 negative,
while the germinal center neoplastic cells show positivity for CDS5. They also dem-
onstrated CD20+/CD5+/CD10+ phenotype of the neoplastic cells by flow analysis
(elegant study confirming that the CD5-positive cells were not the infiltrating man-
tle zone cells). These are graded like regular FL, based on Mann-Berard crite-
ria [115].

FL with marginal zone differentiation. In about 10% of FLs, there is marginal
zone differentiation or the presence of marginal zone-like cells/monocytoid B cells,
at the periphery of the nodules. The neoplastic FL cells acquire the molecular, cyto-
genetic, and phenotypic characteristics of marginal zone lymphoma (CDI10-,
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abnormalities in Chr 3; features usually seen in MZL cells) [128-131], and some
have alluded to a more aggressive clinical course of these lymphomas.

Testicular Follicular Lymphoma

Testicular FLs are unusual as they present primarily in the pediatric age group.
What makes it even more unusual is the clinical presentation. Pediatric testicular
tumors are most frequently of germ cell derivation and gonadal stromal neoplasms,
rhabdomyosarcomas, and leukemia. Lymphomas are very rare (reviewed in [132]).
In childhood, when lymphomas are seen, they usually represent a secondary involve-
ment by an advanced stage Burkitt’s or lymphoblastic lymphoma. In general, lym-
phomas occur in the elderly, with aggressive histology and poor prognosis.
Therefore, pediatric primary follicular lymphoma of the testis (PFLT) is an unusual
rarity. Pediatric PFLT is seen in prepubertal boys (age range from 3 to 11 years).
The cases show effacement of tissue architecture or infiltration between seminifer-
ous tubules in a nodular or follicular pattern of large lymphocytes (centroblasts)
with some small cleaved centrocytes. Prominent fibrosis is seen, often involving the
capsule.

The biologic features of pediatric PFLT demonstrate some differences from fol-
licular lymphomas in adults. Bcl2 protein is not detected. Molecular analysis has
revealed monoclonal immunoglobulin heavy chain gene rearrangement and BCL-6
mutations. These mutations characteristically occur in antigenically stimulated B
cells, which enter the germinal center, carry out Ig class switching, rearrange their
Ig V region to recognize specific antigenic determinants, and undergo selection
based on the affinity of the antibodies produced. They lack BCL2 major breakpoint
and BCL2 minor cluster region rearrangements, pS3 mutations, and death-associated
protein kinase gene hypermethylation [133]. When the disease is limited to the tes-
tis, complete resection by unilateral orchiectomy followed by limited chemotherapy
(that may include cyclophosphamide, vincristine, prednisone, doxorubicin) without
intrathecal chemotherapy has been suggested, with favorable prognosis [134].

Of note, primary NHL of the testis in adults is most frequently DLBCL of the
non-germinal center B-cell-like (GCB) group. It is most often localized disease,
but survival is poor even with intensive chemotherapy regimens (60% overall sur-
vival at 5 years). Recurrent NHL/DLBCL of the adults often involves other extra
nodal sites such as the central nervous system (CNS). In pediatric PFLT, the
excellent outcome with low intensity treatment of short duration without intrathe-
cal chemotherapy is a distinctive difference from adult primary DLBCL of
the testis.

In summary, PFLT in children and adolescents is a unique subset of pediatric
NHL. It occurs at an unusual extra nodal site with localized disease limited to the
testis. The clinical outcome is excellent with treatment including complete surgical
resection and short duration chemotherapy [132].
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CD10-/MUM1+ FL FLs are positive for CD10 and negative for IRF4A/MUM1
(consistent with the germinal center phenotype). MUM1 (multiple myeloma onco-
gene 1)/IRF4 (interferon regulatory factor 4) is a lymphoid-specific member of the
interferon regulatory factor family of transcription factors, and it is a reliable marker
of “late-stage GC” or “post-GC” B cells.

Recently, CD10-negative, MUM I/IRF-positive cases of FL have been described
[135, 136]. All CD10-MUMI1* FL patients exhibited follicular structure with fol-
licular dendritic meshwork, and a high rate of ongoing somatic hypermutation —
similar to typical FL. Karube et al. report the frequency of somatic mutation of
immunoglobulin heavy chain in CD10-MUM1* FLs ranging from 2.04% to 25.69%,
with a mean of 11.81%. Intraclonal diversity, which reflects ongoing mutation, was
detected in all patients, suggesting definitive germinal center B-cell origin. These
lymphomas present in the elderly, in lymph nodes, show a distinct follicular pattern
with CD21+ follicular dendritic meshworks, and some show significant diffuse
areas. They tend to show high-grade morphology. They lack Bcl2 translocation and
instead show amplification of BCI16. These patients show relatively poor prognosis
[116, 137]. Because these lymphomas show a genetic profile that is similar to FL,
they are described here. Of note, this entity is described within the “immunopheno-
type” section of FL in the WHO 2017.

These MUMI1 FL should be distinguished from IRF4+/MUMI1+ large B-cell
lymphoma, which can also present with a follicular growth pattern (yes, we unfor-
tunately thought follicular lymphomas are easy to diagnose). The IRF4+/MUM 1+
DLBCL present in the young age group with predominantly involvement of the
Waldeyer’s ring or head and neck lymph nodes.

In Situ Follicular Neoplasia

In situ follicular neoplasia (ISFN) is defined as colonization of germinal centers by
clonal B cells that carry Bcl2 translocation, characteristic of FL, in an otherwise
reactive lymph node. The germinal centers may be partially or completely colo-
nized. ISFN can be seen in 2% of randomly selective reactive lymph node biopsies.
The ISFN component can be seen in lymph nodes that are otherwise involved by
other lymphomas such as marginal zone lymphoma, chronic lymphocytic leukemia,
mantle cell lymphoma, diffuse large B-cell lymphoma, and classical Hodgkin lym-
phoma, or lymph nodes dissected for staging other cancers. FL can follow ISFN as
late as after 10 years. This was formerly called follicular lymphoma in situ. ISEN is
not the same as partial involvement of lymph node by FL. The latter is considered a
form of FL (WHO 2017). While partial involvement by FL can be suspected by
morphologic evaluation alone, ISFN is not obvious by morphology alone and is
detected by staining with CD10 and Bcl2. Bcl2 is often very brightly expressed in
comparison to adjacent T and mantle zone cells. The clinical significance of ISFN
is variable with some patients presenting with synchronous FL at other sites at
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presentation, others developing subsequent lymphoma, usually FL, with further
follow-up, and others that may never progress to FL. The risk of subsequent devel-
opment of FL is low (<5%). There is no prognostic significance associated with the
number of follicles involved [138].

The concept of intrafollicular neoplasia/“in situ” lymphoma is properly applied
when the neoplastic cells are localized in the “place” that is occupied by the normal
counterpart of the tumor cell, without invasion of surrounding structures. This can
be seen in lymphoid tissue in nodal and extra nodal sites such as the spleen (WHO
2017). These clonal B cells appear to be at an earlier stage of follicular lymphoma
and are similar to FL-like cells circulating in peripheral blood or duodenal follicular
lymphoma [139]. FL-like cells and ISFN have been described in the same patient.
ISEN, as described earlier, are positive for t(14;18) but with very few additional
genetic aberrations [139]. The cases suggest that ISFN may represent either a pre-
neoplastic event or an early stage of FL. The detection of ISFN may represent the
initial seeding of reactive germinal centers by monoclonal B cells. Subsequent
development of FL still warrants additional mutations that result in the expression
of malignant behavior [140] (Fig. 1.9).

Duodenal-Type Follicular Lymphoma

Duodenal-type follicular lymphoma (DFL) is a variant of follicular lymphoma
with distinctive clinical and biological features. DFL presents most often in the
second part of the duodenum, as mucosal warty polyps, discovered incidentally on
endoscopy performed for other reasons and behaves as a very indolent disease.
DFL-type lesions can be seen in the distal small intestine. The neoplastic follicles
are confined to the mucosa and submucosa without dissemination outside the
intestinal wall. The neoplastic cells may infiltrate the lamina propria and extend
into the villi. The neoplastic follicles show low-grade morphology with mostly
centrocytes and few centroblasts. The atypical follicles show strong immunohisto-
chemical expression of CD20, CD10, and BCL2, variable Bcl6, in addition to the
t(14;18) translocation. The proliferative index is low. The neoplastic lymphocytes
commonly express IgA, rather than IgG or IgM consistent with intestinal origin,
CD21+ FDC meshworks can be seen in the periphery of the follicles. This entity
shows features intermediate between ISFN and FL. The immunophenotype is
similar to ISFN; however, unlike ISFN, in which the cells remain confined to the
follicular structure, the cells in DFL spread outside the follicles; and, unlike FL, it
is not systemic and does not extend into the intestinal wall, or regional lymph
nodes. CGH analysis reveals genomic alterations with similar frequencies to those
observed in partial involvement by FL, but only a small fraction of the genomic
alterations seen in FL such as mutations in TNFRSF14 gene; amplified oncogenes
BCl6, Bcl2, and FGFR1; and deleted tumor suppressor genes such as PTEN, FAS,
and TP53. Gene expression studies have shown similarities to MALT lymphoma
and are thought to arise from memory B cells with evidence of somatic
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Fig. 1.9 In situ follicular neoplasia: CD20-positive follicles express CD10 and strong positivity
for Bcl2
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Fig. 1.10 Diagrammatic representation of In-Situ Follicular Neoplasia, Duodenal type FL and
partial involvement by FL

hypermutation of the IgH gene. It is an indolent disease, with excellent long-term
survival. There is very low rate of progression to nodal disease (<10%). Various
therapies have been used such as watch and wait strategy, radiotherapy, anti-CD20
antibody monotherapy, and occasionally chemotherapy. Cases that do not exhibit
the typical features of DFL should be evaluated for evidence of FL elsewhere
[141-144]. The comparison for in situ FN, duodenal FL, and partial involvement
by FL is demonstrated in Fig. 1.10.
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Transformation

Transformation or progression to DLBCL occurs in 20-30% of the cases, the most
common type of transformation. Transformation to high-grade B-cell lymphoma
occurs, in a minor subset. The high-grade B-cell lymphomas include those that
acquire additional MYC genetic abnormalities along with Bcl2 and are called
double-hit lymphomas. Some transform to high-grade B-cell lymphomas, NOS
that have morphologic feature of blastoid lymphomas, or feature between DLBCL
and Burkitt Lymphoma but by definition lack the genetic double-hit abnormalities.
Others transformations include B Iymphoblastic leukemia (CD19+/CD20+/
CD34+/TdT+). These may harbor MYC rearrangements, along with Bcl2 rear-
rangement, but are not included as double-hit lymphomas. Other rare transforma-
tions are Hodgkin Ilymphoma and histiocytic or dendritic cell sarcoma.
Transformation can be proved by demonstrating Bcl2 rearrangement in both origi-
nal and subsequently transformed neoplasm. There should be demonstration of
clonal relationship by use of the same IG gene, implying a common progenitor cell.
Most authors require at least 6-month interval between diagnosis of follicular lym-
phoma and the transformed lymphoma, though this may not always hold true as
concurrent presentation of FL and transformed lymphoma has been reported
[145-150].

Pathobiology of Transformation

FL is an indolent, incurable, and fatal malignancy. It arises from germinal center
B cells, and the natural history includes multiple relapses and transformation. The
disease has a relatively long median survival of 8-10 years, and patients have
initially a high rate of response; the illness follows a fluctuating course of pro-
gression punctuated by remissions of variable duration. For as many as half of
patients, transformation to a more aggressive lymphoma may occur, usually dif-
fuse large B-cell lymphoma, and this is often associated with a particularly poor
response to treatment. Transformation in FL was first reported almost 65 years
ago, yet the underlying biology along with the ability to predict transformation is
not well defined.

Some of the biologic factors associated with histologic transformation include
secondary changes such as gains in Chr 6p, 7, 8, 12q, 18, X, and 18q and loss in 1p,
6q, 10q, and 17p [151]. Other genetic lesions in the tumor cells seen are p53 loss,
p16/CDKNA loss, MYC deregulation, Bcl2/Bcl6 mutation, Del/UPD1 (TNFRSF14),
UPD 16p, Del 6q, tri 7, +12/12q13-14 gain, FAS mutation, CD9 loss, and aUPD
[6p, 9p, 12q,17p]. Changes occur in the non-neoplastic cells residing in the micro-
environment such as increased intrafollicular CD4+ T cells, changed in the pattern
of regulatory T cells, and decreased PD-1+ T-cells. These abnormalities likely
impair immune surveillance, activate NF-kappa B pathway, and deregulate p53 and
B-cell transcription factors [151, 152].
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Indolent lymphomas pursue different pathways for transformation to an aggres-
sive lymphoma such as Direct Evolution vs Divergent Evolution. In “Direct
Evolution,” FL acquires additional cytogenomic aberrancies and transforms to an
aggressive lymphoma. In “Divergent Evolution,” both the indolent and the trans-
formed lymphoma originate from a separate ancestor B cell.

Different technologies have been used to assess this. Comparative genomic
hybridization (CGH) analysis of sequential FL and transformed FL is used to evalu-
ate critical copy number changes in the lymphomas. Some lymphomas show large
regions of homozygosity in the absence of copy number change. Such regions,
which have been termed acquired uniparental disomy (aUPD) or isodisomy, appear
to be due to mitotic recombination between the two chromosomal homologues and
are undetectable by CGH array technology. These genetic events can result in the
selection of daughter cells made homozygous for a pre-existing mutation. Fitzgibbon
et al. used single-nucleotide polymorphism (SNP) array technology to investigate
regions of loss of heterozygosity in the absence of copy number change in order to
establish the contribution of these abnormalities to the evolution of FL and trans-
formed FL [152]. They found evidence for both direct and divergent evolution. A
patient in their series exhibited a block of homozygosity on chr 12q in both FL and
transformed FL samples, along with acquisition of several additional abnormalities
within the transformed FL (chromosomes 6, 7, 8, 9, and 12) to support the concept
of “Direct Evolution.” In another example a patient showed a more complex pattern
with the detection of abnormalities within the FL that were absent at transformation
supporting the concept of lymphomas that originate from a separate ancestor B cell
(Fig. 1.11).

Studies on the variable region of the IGH immunoglobulin heavy gene by
Carlotte et al. [153] also hypothesized similar concepts of “Divergent” vs “Direct
Evolution,” albeit using different technologies. In divergent evolution a pre-B cell or

Mechanisms of transformation

1. Direct evolution
12345678910111213141516 1718192021 22 x -FL
12345 1011121314 1516 17 18 19 20 21 22 x -tFL

2. Lymphomas originate from a separate ancestor B cell

12 345678910111213141516171819202122x -FL

1234567891011121314151617 1819202122 x -tFL

Fig. 1.11 First case: abnormalities in Chr 12 in FL and additional abnormalities in Chr 6,7,8,9,12,
and 17 in tFL suggestive of Direct Evolution. Second case: numerous abnormalities in FL. (Chr
1,2,3,4,6,13) and not in tFL. Detection of regions of homozygosity on 2p and 6p common to both
FL and tFL suggests that these lymphomas evolved separately from an ancestor B cell. J Fitzgibbon
et al. genome-wide detection of recurring sites of uniparental disomy in follicular and transformed
follicular lymphoma-leukemia 2007
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a common progenitor cell (CPC) acquire t(14;18) while in the bone marrow stage of
development. Some of these CPCs in the germinal center reaction acquire addi-
tional clonal abnormalities to transform to follicular lymphoma, and some CPC find
a niche in the bone marrow and later give rise to FL or transformed lymphoma
through different pathways. In this niche, they find the ability to escape death due to
treatment. Elegant integrated genomic studies by Okosun J et al. [154] identified
recurrent mutations and evolution patterns in FL. Whole-genome sequencing ([154]
WGS) and whole-exome sequencing (WES) studies were performed to detect non-
synonymous mutations in paired FL and transformed FL(tFL). Phylogenetic trees
constructed with the detected somatic variants revealed branching rather than linear
evolution, with the “trunk” representing genetic events shared by the FL tumor(s)
and its paired tFL, thus supporting the presence of an ancestral CPC clone. A sig-
nificant pattern that emerged showed that the CPC that was rich in mutated genes
demonstrated high clonal resemblance in FL and tFL and harbored mutations that
were enriched for genes involved in chromatin regulation (MLL2 and other histone-
modifying genes CREBBP, EZH?2), immune modulation (TNFRSF14), JAK-STAT,
and BCR/NF-xB signaling (BCL10, CARDI1, CD79B). These observations also
showed that the lymphomas are dependent on CREBBP, MLL2, and TNFRSF14
alterations during lymphomagenesis and progression [154]. Variant allele frequen-
cies (VAFs) are used to discriminate early from late genetic events as mutations
present in nearly all tumor cells (clonal) suggest early events and therefore represent
initiating “driver” genes. Their results showed that the histone-modifying genes
(MLL2, CREBBP, and EZH2), STAT6, and TNFRSF14 were “driver” genes and a
subset of these (CREBBP, MLL2, TNFRSF14) harbored compound heterozygous
mutations that were frequently either accompanied by deletions or acquired unipa-
rental disomy (aUPD) and render tumor cells homozygous for a pre-existing abnor-
mality. Further, mutations in these genes were stable and remained clonally
dominant irrespective of therapy. Novel transformation-associated events include
copy number alterations (CNAs) with amplifications of EZH2, MDM?2, MYC, and
REL. These “progressor” abnormalities were not seen in the antecedent FL biopsies
and therefore appear to have been gained during the most recent clonal expansion
prior to transformation. In summary, FL undergoes genetic evolution over time and
favors a path of divergent evolution rather than direct evolution. Multiple subclones
may develop over time. Transformation may develop in an earlier common progeni-
tor rather than a later subclone [155, 156] (Figs. 1.12 and 1.13).

Case-Continued

The patient subsequently presented with large inguinal mass (Fig. 1.14).

The lymph node architecture was effaced by a diffuse population of medium- to
large-sized monomorphous cells with fine chromatin, small single nucleoli, and
variable amount of cytoplasm. The cells exhibited squared off borders of retracted
cytoplasm. Numerous mitoses, prominent apoptosis, and background sclerosis were
also seen. The tumor cells were diffusely positive for CD20, CD10, BCL2, and
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Fig. 1.12 Divergent Evolution pattern of FL. In “Divergent Evolution,” both the indolent and the
transformed lymphoma originate from a separate ancestor B cell. (Adapted from Okosun et al. [154])

¢ Genetic lesions in the tumor cells

¢ P53 loss, p16/CDKNA loss, MYC deregulation,
Bcl2/Bclé mutation, Del/lUPD1 (TNFRSF14),
UPD 16p, Del 6q, tri 7, +12/12q13-14 gain, FAS
mutation, CD9 loss, aUPD][ 6p, 9p, 12q,17p]

¢ Changes in microenvironment (non-neoplastic cells)

* FDC loss or immaturity, Increased intrafollicular
CD4+ T cells, pattern of regulatory T cells,
Decreased PD-1+ T-cells, Increased MVD

¢ Abnormalities likely impair immune surveillance,
activate NF-kappa B pathway, deregulate p53 and B-
cell transcription factors

Fig. 1.13 Biologic factors associated with histologic transformation. (Lossos and Goscoyne
[150], Bouska [151], Fitzgibbon et al. [152])

BCL6 with a Ki-67 proliferative index of 95—-100%. CD3 highlighted reactive small
T lymphocytes. The neoplastic lymphocytes were negative for TDT, CyclinD1, and
MUMI. Interphase fluorescence in situ hybridization (FISH) performed on the
inguinal lymph node with commercial MYC Dual Color Break Apart Rearrangement
Probe and BCL2 Dual Color Break Apart Rearrangement Probe revealed a signal
pattern consistent with rearrangement of one MYC locus and rearrangement of one
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Fig. 1.14 Transformation to high-grade B-cell lymphoma, MYC+, Bcl2+

Molecular BCR studies:|GH/JH rearrangements

Follicular lymphoma Transformed lymphoma
FR3 (118 bp) primer sets FR3 (118 bp) primer sets

relationship-use of same |G gene imply a common progenitor cell

Fig. 1.15 Use of same IG gene implies a common progenitor cell for the follicular lymphoma and
transformed high-grade B-cell lymphoma

BCL2 locus (Fig. 1.14). Molecular PCR studies showed the same B-cell receptor
clone in FL and tFL, supporting a clonal relationship. The diagnosis was compatible
with high-grade B-cell lymphoma (Figs. 1.14 and 1.15).
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Other Entities

Pediatric-Type Follicular Lymphoma (PTFL)

PTFL shows genetic profile that is quite distinct from FL and lacks the usual trans-
locations found in other B-cell lymphomas of germinal center origin such as Bcl2
and BCI6 rearrangements. The t(14;18) is almost completely absent in FL below the
age of 18. In contrast to adult cases, pediatric FLs are also more frequently grade 3
or composite FL/DLBCL and have a significantly better 5-year event-free survival.
Therefore, “pediatric FL” has been considered as distinct variant of FL by the
updated World Health Organization classification [157, 158].

PTFLs occur primarily in children and young adults. It is reported, rarely, in
older individuals. PTFLs involve lymph nodes of the head and neck region (cervi-
cal, submental, submandibular, postauricular, and periparotid nodes) with inguinal
region rarely involved. It is usually a stage 1 disease. Systemic lymph node involve-
ment (radiological evidence of mediastinal disease or intra-abdominal involvement)
or extra nodal disease, or areas of DLBCL, precludes this diagnosis. The median
age is 15-18 years and mostly <40 years. The male to female ratio is 10:1. The
lymph node architecture is effaced by large ill-defined follicles with attenuated lym-
phoid cuffs. The follicles are often serpiginous or irregularly shaped. A prominent
starry sky pattern is present. Occasional nodal PFL cases can show more uniform,
closely packed follicles. A peripheral rim of paler cells suggesting marginal zone
differentiation is sometimes present but is usually a minor component. The cyto-
logical composition is dominated by monotonous, small- to medium-sized blastoid
cells with round to oval nuclei, finely dispersed chromatin, small nucleoli, and scant
cytoplasm. Typical centroblasts with peripheral membrane-bound nuclei are infre-
quent. Centrocyte-like cells can be seen but with somewhat dispersed chromatin.
This blastoid appearance correlates with a high proliferative rate. Cytologically
these have been reported as high grade (grade 3A, 3B), and grading is not typically
done [159].

The phenotype is CD20+/CD79a+/ PAX5+/ Cd10+/ Bcl6+, and Bcl?2 is negative
or weak positive. Ki-67 is usually >30% without polarization within the follicles.
FDC marker CD21, CD23, highlight FDC meshworks within the follicles. IRF4/
MUM is negative. Plasma cells are sparse. Rare cases of florid follicular hyperplasia
can demonstrate CD10+ monotypic B cells as analyzed by flow cytometry. Hence
architectural effacement is key to the diagnosis [160]. These cases demonstrate
clonality by PCR techniques and are useful in ruling out reactive follicular hyper-
plasia [160].

Genetics These lymphomas do not show aberrancies in Bcl2, Bel6, IRF4, KMT2D
(MLL2), CREBBP, and EZH?2 that are commonly seen in FLs [161]. The most com-
mon genetic aberration is del 1p36 or mutations affecting TNGRSF14 and muta-
tions in MAP 2K1 [162]. Prognosis is excellent, and treatment may be limited to
excision alone without definite need for radiation or chemotherapy.
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Large B-Cell Lymphoma with IRF4/MUMI1 Rearrangement

LBCL with IRF4 is uncommon and seen in less than 1% of DLBCLs. It presents
primarily in children and young adults. The median age is 12 years, although the age
range is wide from 4 to 79 years. It is usually a low-stage disease (stage 1-2), and
the sites involved are Waldeyer’s ring or head and neck lymph nodes. It can be
entirely diffuse, diffuse and follicular, or entirely follicular. Of note, as LBCL-IRF4/
MUM 1+ can present with a “follicular only” morphology, it raises the differential of
follicular lymphoma. It is for this reason that LBCL-IRF4+ is discussed here.

The cells are medium to large size with more open chromatin than seen in centro-
cytes and with small basophilic nucleoli. Mitotic figures are not significant, and starry
sky pattern is not seen. When this presents in a follicular pattern, it is usually back-to-
back with attenuated mantles. The serpiginous pattern is not common. The immuno-
phenotype is CD20+/MUM1+/CD10+/ Bcl6+/ Bcel2(+/-). Proliferation fraction is
high. The immunoglobulin genes are clonally rearranged. A cytogenetically cryptic
rearrangement of IRF4 with IgH locus is seen (sometimes light chains are involved)
and is delineated by FISH studies. Bcl6 rearrangements can be seen. There is absence
of PRDM1/BLIMPI1. MYC and Bcl2 rearrangements are not seen. These cases have
an ITHC and gene expression signature that is distinct from both germinal center B
cells and activated B cells The LBCL-IRF4 can be placed in the GC subtype by the
gold-standard gene expression profiling studies yet lack CD10 protein expression.
These lymphomas show strong MUMI1 positivity and therefore assigned to the non-
GCB subtype according to the immunohistochemistry-based Hans algorithm yielding
conflicting results between both classifiers. They also express CD5, a marker that
identifies a distinct subgroup of DLBCL. Both features, the lack in correlation of gene
expression and immunohistochemical classification and the high rate of CD5 positiv-
ity in CD10-negative lymphomas, perhaps indicate that /G/IRF4-positive lymphomas
constitute a separate subgroup of mature B-cell lymphomas. The follicular morphol-
ogy can be similar with the PTFL (CD20+/CD10+/Bcl6+/Bcl2-neg/IRF4/MUM1
neg); however the cytology of medium to large cells, lack of serpiginous growth pat-
tern, helps to differentiate from pediatric-type FL. There is difference in clinical
behavior between the two entities and hence the need to differentiate from PTFL. The
LBCL-IR4 has good prognosis after combination immunochemotherapy with or
without radiation, while pediatric-type FL has good prognosis with local manage-
ment. Therefore it is prudent to look for IRF4 rearrangements by FISH in lesions that
present in the head and neck, Waldeyer’s region: should the morphology and clinical
presentation be compatible with LBCL-IRF4/MUM 1+ type.

Summarizing all pediatric lesions such as pediatric-type FL, LBCL-IR4, and
testicular FL, they usually present as low-stage, high-grade disease and tend to do
well with a more favorable outcome as compared to adults, be it with chemo or local
treatment alone. This may be due to differences in host characteristics, tumor biol-
ogy, including the presence of chromosomal alterations, suggesting that diversity in
tumor biology might contribute to the age-dependent differences in prognosis of
lymphoma [159, 163].
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Prognosis and Risk Stratification

Prognosis is closely linked to the extent of disease at presentation. FLIPI, a modi-
fication of International Prognostic Index (IPI), is useful in predicting outcome.
Follicular Lymphoma International Prognostic Index prognostic model for FL
uses five independent predictors of inferior survival: age (>60 years), Ann Arbor
stage (III-1V), hemoglobin level (<12 g/dL), number of nodal areas >5), and
serum LDH level (above normal). Three risk groups are defined: low risk (0-1
adverse factor), intermediate risk (2 factors), and poor risk (> or = 3 adverse fac-
tors) [164]. Additional prognostic indices have modified FLIPI, adding cardiovas-
cular disease [165]. Later a scoring system was designed for de novo follicular
lymphoma treated initially with immunotherapy and included B2-microglobulin
and bone marrow involvement in PRIMA-PI (posttreatment prognostic indicator
named after PRIMA trial) [165]. Molecular models (m7-FLIPI) use mutational
status based on next-generation sequencing of seven genes [102]. This includes
the mutation status of seven genes (EZH2, ARID1A, MEF2B, EP300, FOXOl1,
CREBBP, and CARDI1), the Follicular Lymphoma International Prognostic
Index (FLIPI), and Eastern Cooperative Oncology Group (ECOG) performance
status (Fig. 1.16).

Lymph node
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Cervical @ @ Cenical
)
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Fig. 1.16 NCCN guidelines for staging and the use of FLIPI criteria for prognostication
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Summary

e FL is a lymphoma of GC origin, CD10+, and Bcl6+, with >85% demonstrating
chromosomal translocation t(14;18)(q32;q21), involving BCL2 and IGH genes.
The lymphoma shows two cell types — centrocytes and centroblasts. Grading is
based on number of centroblasts/HPF averaged over 10HPF (grade 1-2 < 15/
HPF; grade 3 with > 15/HPF): grade 3A lymphomas contain centrocytes while
grade 3B lymphomas do not show intervening centrocytes.

e Three patterns are recognized: follicular, follicular and diffuse, and diffuse.

¢ Partial involvement by FL is considered a form of FL for clinical purposes and
should not be confused with in situ follicular neoplasia.

e Four variants are recognized:

— “In situ follicular neoplasia (formerly called “follicular lymphoma in situ”;
these are tissue-based precursor lesions and biologically similar to blood-
based Bcl2 rearrangement carrying cells referred to as FL-like B cells.

— Duodenal type FL: localized, good prognosis.

— Testicular FL: children, high grade, good prognosis.

— Diffuse variant of FL.

e [P and morphologically distinct subtypes of FL:

— FL with marginal zone differentiation demonstrate neoplastic cells with mar-
ginal zone morphology and also show lack of CD10 within a FL case that
carries classic CD20+/CD10+ “FL cells”

— CD10-/MUM1 positive FL.

— Floral variant, CD5+.

— Diffuse follicular lymphoma (CD20+/CD10+/ CD23+); negative for t(14;18)
with IgH:Bcl2 rearrangement; presents primarily in the inguinal region; simi-
lar to FL by gene expression profiling studies.

e Molecular distinct FL entities — reason for classifying them separately from FL:

— Pediatric-type FLs — lack the gene expression profile seen in FL.

— Primary cutaneous FLs — lack the gene expression profile seen in FL and
instead show a gene expression profile similar to DLBCL-GC type with
amplification of REL gene.

Of note, CD10-negative/MUM 1-positive/Bcl2-negative phenotype FL is
classified as FL because of its genetic similarity to classic FL.

e Pediatric entities — these are usually low-stage, high-grade, Bcl2-negative enti-
ties, good prognosis:

— Pediatric-type FL. (PTFL): CD10+/ (IRF4/MUM1) negative, lymph nodes,
treatment can be limited to local resection.

— Testicular FL, treatment with local resection.

— Purely follicular LBCL-IRF4+: CD10-/(IRF/MUMI1)+, Waldeyer’s ring and
lymph nodes, treatment with immunochemo/radiation.
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CD10-/MUM I-positive lymphomas include two separate entities:

— CDI0-/MUM1I+ FL, high grade, elderly, poor survival
— CDI10-/MUMI+ LBCL, subset present with purely follicular pattern, young
adults, good prognosis

Normal B-cell development. B lymphocytes mature in the bone marrow and in
the process rearrange immunoglobulin variable (V) gene segments to create an
immunoglobulin molecule that serves as the B-cell receptor for antigen. When an
antigen of adequate affinity engages the receptor, the cell enters a germinal cen-
ter in lymphoid follicles, where its V genes undergo somatic hypermutation. This
process introduces mutations in the rearranged VHDJH and VLJL gene seg-
ments. Cells with receptors that have enhanced antigen-binding affinity prolifer-
ate in the presence of the antigen, whereas cells with receptors that no longer
bind the antigen or do bind autoantigens are eliminated. The germinal center
pathways require the help of T lymphocytes. The process can proceed without T
cells and outside germinal centers, in the marginal zones around lymphoid fol-
licles, most often in response to carbohydrates of encapsulated bacteria or
viruses. Both processes lead to the development of plasma cells or memory
(antigen-experienced) B cells [27].

Follicular lymphomagenesis and transformation. The t(14;18) translocation
occurs during VDJ recombination at the pre-B-cell stage, leading to constitutive
expression of the anti-apoptotic protein BCL2. Pre-B cells then migrate to the
GC of the lymph node as a naive B cell. Bcl2 expression rescues t(14;18)-bear-
ing cells, which allow them to exit the GC reaction as switched but immuno-
globulin M-expressing (sIgM) (through the “allelic paradox’) memory B cells.
In the GC genomic remodeling and intense proliferation take place, and some of
these t(14;18)-bearing cells might give rise to follicular lymphoma (FL)-like
cells (FLLCs) characterized by a centroblast-like or centrocyte-like phenotype
and constitutive activation-induced cytidine deaminase (AID) and B-cell lym-
phoma 6 protein (BCL-6) activity. At each developmental step, FLLCs might
disseminate extensively and traffic between follicles, blood, and bone marrow
compartments. Reentry in the germinal center induces clonal expansion and
acquisition of additional genomic alterations. FL-like cells (FLLCs) are present
in most healthy individuals and do not progress to FL. At some point these
become committed precursor cells (CPCs) that ultimately give rise to FL. With
additional genetic mutations, they may develop into in situ follicular neoplasia
(ISFN) cells, or FL with partial involvement or overt FL. In FL, spatial and
temporal genomic analysis reveals that relapse events or transformations to
high- grade FL arise predominantly by divergent evolution of a common
mutated CPC that clonally diverges through the acquisition of distinct genetic
events. Relapse events arising from a direct clonal evolution of the dominant FL.
clones present at the diagnosis also exist. For direct evolution the CPC is postu-
lated to reside in the normal GC, in FL, and tFL. Or the premalignant CPC
resides in the normal GC or BM and can independently give rise to FL or tFL
[10, 81, 153].
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Chapter 2

Mantle Cell Lymphoma:

Definition, Epidemiology, Pathobiology —
Lymphomagenesis, Morphology, Variants,
Immunophenotype, Prognostic Factors

Olga V. Danilova

Case Presentation

The 68-year-old male presented to the primary care provider with unintentional
weight loss, fevers and sweats at night, and malaise. Physical exam revealed pal-
pable cervical, axillary, and inguinal lymph nodes. Complete blood cell count was
performed and has the following results: white blood cell count 10.6 x 10*/microli-
ter, hemoglobin 9.2 g/dL, and platelets 98 x 10°/microliter. Positron emission
tomography-computed tomography' showed extensive and bulky cervical, axillary,
mediastinal, abdominal, pelvic, and inguinal lymphadenopathy with standardized
uptake value up to 14-17.

The biopsy of the axillary lymph node showed a diffuse proliferation of small- to
medium-sized lymphocytes with slightly irregular nuclear profiles. The neoplastic
lymphocytes were positive for CD20, CDS5, cyclin D1, and BCL2 and showed a low
Ki-67 proliferation index. Fluorescent in situ hybridization demonstrated IGH-
CCND fusion. The findings support the diagnosis of mantle cell lymphoma (Fig. 2.1).

'PET scan uses radiotracers, mostly commonly similar to glucose F-18 fluorodeoxyglucose, or
FDQG, linked to a small amount of radioactive material that can be detected on the PET scan.
Metabolically active lymphoma cells absorb glucose at higher rate than normal cells, hence mak-
ing lymphoma cells “hot” on PET scan with much higher FDG levels compared to normal cells.
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Fig. 2.1 Case presentation. Monotonous proliferation of small- to medium-sized lymphoid cells.
Immunophenotypes CD20, CD5, cyclin D1, Bel2, low Ki-67 proliferation index

Definition and Historical Overview

Current 2016 WHO classification [1, 2] defines mantle cell lymphoma (MCL) as
mature B-cell neoplasm usually composed of monomorphic small- to medium-
sized lymphoid cells with irregular nuclear contours. Neoplastic transformed cells
(centroblasts), paraimmunoblasts, and proliferation centers are absent. MCL was
first described almost three decades ago as the centrocytic lymphoma (CCL) and
was initially recognized morphologically. It was described by Lennert as a “diffuse
germinocytoma” in 1973 [3]. In a 1975 publication, diffuse germinocytoma was
described as a tumor that “looks very much like CLL” but lacks proliferation centers
[4]. The cells were described as lymphocytes slightly larger than CLL cells with
nuclei that are “very irregular in shape (not round) and often cleaved” with “very
fine” chromatin and very small to absent nucleoli and scant slightly basophilic cyto-
plasm. The centrocytic lymphoma(CCL) was noted to differ from cleaved cell lym-
phomas (now known as follicular lymphomas) in lacking “germinoblasts”
(centroblasts/transformed follicular center cells) and was considered a critical fea-
ture in distinguishing CCL from other cleaved cell lymphomas. The morphologic
delineation of centrocytes versus centroblastic-centrocytic lymphomas (CBCCL)
became the basis of Kiel classification. The term centrocytic lymphoma was first
used in the 1974 European Lymphoma Club publication of the Kiel classification
[3]. Later, based on similarity of CCL cells to centrocytes of reactive germinal cen-
ters (cleaved nuclei, presence of Slg and both complement-receptor subtypes, and
absence of receptors for mouse E), it was concluded by Lennert that this lymphoma
is closely related or derived from centrocytes of germinal centers. Again, diffuse
architectural effacement was noted, and complete absence of centroblast-like and
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follicle mantle lymphocyte-like cells was highlighted. Per Lennert’s observation,
the neoplasia was beginning within and around germinal centers with wide mantle
of centrocytes around residual germinal centers [5].

Another distinguishing difference was while CBCCL was noted to transform to
centroblastic (large noncleaved lymphomas), such transformation was almost never
observed in CCL. More pronounced nuclear polymorphism and more numerous
mitoses were described in CCL compared to CBCCLCCL which could be distin-
guished from B-CLL based on differences in complement receptor expression, a
lack of mouse erythrocyte rosettes, and its stronger surface immunoglobulin expres-
sion [5, 6]. Stansfeld et al. in 1983 noted variations in cell size, nuclear irregularity,
and nuclear dispersal. Overall, its distinct clinical behavior as more aggressive than
B-CLL and CBCCL was noted. It was further noted that lymphomas with small
round cell morphology showed an indolent course, while the more aggressive cases
demonstrated high mitotic rate and blast-appearing nuclei [6]. With the introduction
of immunohistochemistry in the 1980s, the B-cell origin was confirmed, and the
cells were immunophenotyped as CD5 positive in contrast to the CD10-positive
cells of follicular center origin. However, the presence of CD5-positive B cells was
suggested in the germinal follicles, and, therefore, it was concluded that while CCL
cells are related to the follicle, they could be easily placed into either the mantle or
germinal center compartment especially considering some overlapping morpho-
logic characteristics. Nevertheless, there was clear immunophenotypic evidence to
separate CCL from CBCCL. Harris et al. in 1984 confirmed the immunophenotypic
features of CCL and described pattern of CCL as “large or small irregular aggre-
gates” of follicular dendritic cells, as opposed to the discrete staining in the nodules
of follicular lymphomas. Distinct clinical features were also described as this lym-
phoma was seen in older individuals, with a marked male predominance, who pre-
sented with adenopathy, often hepatosplenomegaly, including sometimes massively
enlarged spleens, and frequent bone marrow involvement and had shorter sur-
vival [7].

Swerdlow et al. in 1993 performed a morphometric study of CCL and other
small-cleaved follicular center lymphomas. This study showed that on average, the
CCLs were composed of cells that had larger, less irregular, less oval, and more
monomorphic nuclei. No difference was noted in the proportion of admixed small
round lymphocytes [8, 9]. Banks et al. postulated that the small cells of CCL may
be the neoplastic counterpart of cells normally residing in the follicle mantle. The
term “mantle cell” lymphoma was introduced to replace CCL. The study recognized
Lennert’s morphologic description of mantle cell lymphoma as one of the best with
addition that infrequently residual nonneoplastic germinal centers may be present.
This change in terminology clearly highlighted the now well-accepted fact that the
so-called centrocytes in CCL were very different from those in CBCCL and that the
neoplastic cells in CCL were more closely related to mantle cells than to FCC. The
term centrocytic was therefore no longer appropriate [9].

In 1992, the International Lymphoma Study Group proposed that the term man-
tle cell lymphoma replaces centrocytic lymphoma term along with other terminol-
ogy used for this entity (mantle zone lymphoma, malignant lymphoma, intermediate
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differentiation) based on understanding that the cells in this disease are a neoplastic
counterpart of cells normally residing in the follicle mantle. Identification of cyclin
D1 and its pathogenic role further defined mantle cell lymphoma as a distinct clini-
copathologic entity [9].

Morphologic and immunophenotypic features were further defined at a work-
shop organized by the European Task Force on Lymphoma, Annecy, France, in 1994
[10]. It was stated that morphologically typical MCL could have either a nodular or
a diffuse growth pattern, with or without residual germinal centers, and with either
loose or tighter follicular dendritic cell (FDC) aggregates. Only nodular cases with
residual germinal centers were considered to have a mantle zone growth pattern.
Cytologically, the neoplastic cells were described as small- to medium-sized with
irregular nuclei (or mixture of irregular and round), fine condensed chromatin, small
inconspicuous nucleoli, and pale indistinct/scant cytoplasm. Centroblasts-
immunoblasts were rare to absent. Typically, the neoplastic cells were CDS5, CD20,
and bcl-2 positive monoclonal B cells with strong surface IgM and IgD but were
negative for CD23, CD10, CD11c, and CD25. Loosely organized FDC meshworks
were usually present. Already discovered at that time, cyclin D1 overexpression and
the t(11;14)(q13;932) were considered characteristic of MCL, but their documenta-
tion was not considered a requirement for the diagnosis, and their specificity was
not established. Variations in the cytology included cases with predominantly round
cells and cases with predominantly or admixed blastoid cells. Whether there was a
variant with more abundant pale cytoplasm was considered uncertain. Phenotypic
variations included more variable CD5, CD23, and possibly CD10 expression. At
that time, diagnosis of MCL was believed to require either typical histopathology or
a typical phenotype. It was noted that genotypic or cytogenetic studies might be of
use in identifying variant or atypical cases in the future.

The median survival was reported to be approximately 3—4 years. No specific
treatment guidelines could be recommended. From a pathologist’s perspective, the
European Lymphoma Task Force workshop was important in recognizing that MCL
showed greater morphologic heterogeneity than had originally been described. It
also highlighted unanswered questions, some of which remain unresolved at the
present time [10].

Based on its morphology, MCL was historically discussed together with the
indolent forms of NHL, but the behavior of classic MCL is more often that of an
aggressive lymphoma. Recently more indolent variants such as leukemic non-nodal
and in situ mantle cell neoplasia are described.

Epidemiology and Clinical Features

Currently MCL accounts for approximately 3—10% of adult NHLs in the United
States and Europe [2, 11]. MCL predominantly occurs in elderly men (male to
female ratio >2:1, male predominance remains unexplained) with a median age at
diagnosis of 65-70 years. The mean annual incidence of this lymphoma has been
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estimated at 0.42 per 100,000 (range, 0.38-0.49), with a mean of 0.7 for men and
0.2 for women. Patients with mantle cell lymphoma may have relatives with other
lymphomas, highlighting family predisposition for lymphoid neoplasms. Clinically,
MCL frequently presents in advanced stage with generalized lymphadenopathy,
hepatosplenomegaly, and bone marrow involvement. Hepatosplenomegaly occurs
relatively commonly (30-60%), and splenic rupture may be the initial presentation
of the disease. Extranodal and peripheral blood involvement is not unusual espe-
cially in cases with extensive lymphadenopathy [2, 3, 6, 12—16].

While extranodal involvement is frequent in MCL, extranodal presentation with-
out apparent nodal involvement occurs in only 4-15% of cases. Gastrointestinal
involvement has been reported in 10-25% of patients. Lymphomatoid polyposis is
a distinctive gastrointestinal presentation with multiple lymphoid polyps found in
the small and large bowel. Central nervous system involvement occurs in 10-20%
of patients and is usually seen later in the clinical course of resistant disease or gen-
eralized relapse, advanced-stage disease with extensive infiltration in other extrano-
dal localizations, and a leukemic phase [17-20].

Other extranodal sites commonly involved are Waldeyer’s ring, lung, and pleura
(5-20%). The skin, breast, soft tissue, thyroid, salivary gland, peripheral nerve, con-
junctiva, and orbit involvement is much less common [12, 16, 21].

Typical laboratory findings are anemia and thrombocytopenia (10-40% of
patients), high lactate dehydrogenase?, and 3,-microglobulin levels (an indication of
high turnover of lymphoma cells) (~50% of cases). A monoclonal paraprotein can
be detected in serum of 10-30% of patients but usually at low levels, and the immu-
noglobulin isotype in the serum and on the cell surface may be different. MCL
patients have increased incidence of second malignancies in 12-21% of patients,
with a predilection for urinary tract [12, 13, 16, 21-23].

Atypical lymphoid cells may be observed in the peripheral blood in the absence
of lymphocytosis, and they may be detected by flow cytometry in virtually all
patients.

As mentioned above, leukemic involvement may present in the later stages of
disease progression or may represent a manifestation of disease progression. Some
patients present with a very aggressive leukemic form mimicking acute leukemia.
These cases have blastoid morphology; complex karyotypes, occasionally with
8924 anomalies; and a very rapid evolution, with a median survival of only 3 months.

A very distinct group of patients are the ones who present with leukemic involve-
ment and no or minimal nodal disease. Cases of patients with leukemic presentation
and absence of nodal involvement represent leukemic non-nodal variant of disease,
which is recently recognized in the updated World Health Organization (WHO)
classification. While conventional MCL follows an aggressive clinical course, fre-
quently characterized by relapses after initial treatment response, leukemic
non-nodal MCL is associated with more indolent clinical course. The disease is

2Warburg effect: Increased LDH as a result of altered metabolism of cancer cells that depend on
anaerobic respiration as the main source of energy, This results in production of lactate form glu-
cose even under oxygen sufficient environment.
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Table 2.1 Two subgroups of MCL
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Conventional MCL Leukemic non-nodal MCL
Clinical presentation Lymphadenopathy Leukemic
Extranodal Splenomegaly
Cell of origin Naive B cell Memory B cell
Morphology Classic/blastoid Small cell/plasma cell
differentiation
Phenotype Majority CD5+, majority Less than 50% CD5+,

CD200-, SOX11+

majority CD200+, SOX11-

Chromosomal instability High Low
Somatic mutations ATM+++ ATM (not reported)
Major differences CCNDL1 + CCNDI1 ++++
CDKN2A del + CDKNZ2A del (not reported)
KMTD2/MLL2 + KMTD2/MLL2 (not reported)
Somatic mutations seen in TP53 + TP53 +
both entities BIRC3 + BIRC3 +
NOTCH1/ NOTCH2 (+) NOTCH1/ NOTCH2 +
Clinical course Aggressive Indolent

Adapted from Puente et al. [33]

stable and asymptomatic for long periods, and tumor cells mainly involve peripheral
blood and spleen but not lymph nodes in early stages, contrary to the patients diag-
nosed with conventional MCL who still have one of the worst clinical outcomes of
all patients suffering from B-cell lymphomas. The neoplastic cells in leukemic non-
nodal mantle cell lymphoma are most likely to be smaller and resemble CLL cells
with mature chromatin in contrast to large leukemic cells with fine chromatin and
nucleoli in the blastoid variant. Currently two distinct molecular groups and path-
ways are recognized that parallel differences in clinical presentation and course
(See below and Table 2.1) [24-35].

Cell of Origin and Ontogeny

Most MCL cases are postulated to derive from naive pre-germinal center B cells of
the mantle zone, while a subset of MCL may originate from marginal zone or
peripheral blood memory B cells. Historically, naive B cells have been considered
the normal counterpart to MCL tumor cells based on IgM/IgD and CD5 expression
by the tumor cells, their topographic distribution in the mantle zones, and early
descriptions of the predominant use of unmutated immunoglobulin heavy chain
variable region (/gVH) genes [33-37]. Somatic mutations in the immunoglobulin
heavy chain variable region (IgVH) genes usually serve as a marker of germinal
center transit and are not observed in naive (not exposed to the stimulating antigen)
cells. However, several studies have found somatic hypermutation in approximately
15-40% of MCL cases. IGHV3-21 and IGHV4-34 usage was significantly overrep-
resented in MCLs in these studies. The VH3-21 MCL cases were highly associated
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with expression of the lambda light chain, with selected use of IGLV3-19 gene, sug-
gesting that these tumor cells are stimulated by an antigen recognized by immuno-
globulin formed from these heavy and light chains. These findings suggest that at
least in a subset of MCL cases, antigen drive is part of oncogenic process [26, 37—
39, 40].

Pathobiology

Initial Oncogenic Events

Biologically, the chromosomal translocation t(11;14) is considered the genetic hall-
mark and primary oncogenic event in MCL [1, 16, 33, 36, 41-47]. The t(11;14)
(q13;932) translocation juxtaposes the proto-oncogene CCNDI at 11ql3 to the
immunoglobulin heavy chain joining region (/GH) at chromosome 14q32. The
major translocation cluster (MTC) was identified within around 80 base pairs region
on chromosome 11 and in the 5’ area of one of the immunoglobulin JH regions on
chromosome 14. Thirty percent to fifty-five percent rearrangements occur within
this small region, while 10-20% cases have breakpoints in other distal regions. The
small size of this region makes it possible to use PCR techniques for its detec-
tion [38].

This translocation forces the constitutive overexpression of cyclin D1 due to IGH
promoter/enhancer. Cyclin D1 gene was first identified in parathyroid adenomas
with inversion 11, inv(11)(p15;q13). It was considered candidate oncogene and was
designated PRAD-1. PRAD-1 sequence was highly homologous to cyclin family of
proteins controlling cell cycle progression, and it was recognized as a novel member
of cyclin D1 family and was renamed as cyclin D1 (CCND1) [48, 49].

CCNDI1 gene (B-cell lymphoma 1 — BCLI, PRADI) encodes cyclin D1 protein,
which is not detected in normal B lymphocytes [42]. Cyclin D1 is required for pro-
gression through the G1 phase of the cell cycle. Cyclin D1 binds to the cyclin-
dependentkinases 4 and 6 (CDK4 and CDK6), forming acomplex that phosphorylates
and inactivates the retinoblastoma (Rb) protein leading to release of E2F transcrip-
tion factor. This in turn leads to transcription of genes required for entry into the S
phase. Inactive pRb allows cell cycle progression through the G1/S transition and
allows for DNA synthesis. In most cases of MCL, retinoblastoma protein appears
normal in structure and expression level with the exception of blastoid variants with
high proliferation where pRb was shown to be hyperphosphorylated. E2F is fre-
quently overexpressed in MCL. Overall, this further supports the role of cyclin
D1 in suppressing anti-oncogenic effect of retinoblastoma protein [50-54].

Cyclin D1 may also interfere with the control of late G1 phase and G1- to S-phase
transition. Normally this step is regulated by the cyclin E-CDK2 complex and the
cyclin kinase inhibitor p27%P!. Cyclin D1-CDK4 also enables the activation of
cyclin E-CDK2 complex by sequestering Cip/Kip family CDK inhibitory proteins
p21 and p27, allowing entry into the S phase (Fig. 2.2) [54-56].
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Fig. 2.2 (a) Cyclin D1 role in cell cycle regulation. Rb binds E2F transcription factor, thus pre-
venting S-phase genes from activation and keep cells from G1 to S phase entry. (b) Cyclin D1
mediates its oncogenic effect through its binding to CDK4, which promotes pRb phosphorylation,
E2F release, and subsequent promotion of the G1-/S-phase transition, cell cycle progression, and
cell proliferation

In non-Hodgkin’s lymphomas other than MCL, p27%P! protein expression is
inversely related to the tumor’s proliferation activity as protein undergoes degrada-
tion by the proteasome pathway after sequestration induced by the overexpressed
cyclin D1. Expression of p27Kipl by immunohistochemistry is not usually seen in
conventional MCL; however, its expression is unexpectedly observed in blastoid
variants. This phenomenon is not clearly understood at present [55].

Additional mechanisms to increase levels of cyclin D1 in the MCL cells were
described, such as amplification of the translocated allele or secondary rearrange-
ments and mutations involving the three untranslated regions that generate more
stable CCND1 transcripts and increased stability of the protein [36, 56].

Besides these mechanisms, cyclin D1 may have an important oncogenic poten-
tial independent of its catalytic function by acting as a transcriptional modulator of
multiple genes involved in DNA repair and transcriptional regulation [33, 36, 37].

The t(11;14) translocation and subsequent cyclin D1 overexpression occur in the
pre-B cells. This initial event is common between two distinct subtypes of the dis-
ease (conventional and more indolent (non-nodal, leukemic), but they differ in the
expression of another important oncogenic element in MCL-SOX11 (Fig. 2.3,
Table 2.1). SOX11 is a transcription factor that is expressed in the conventional
MCL cells but not in B lymphocytes of more indolent MCL subtype. It is not
expressed in normal B-lymphoid cells, but its expression was demonstrated in other
B-cell neoplasms. The precise mechanism of SOX11 overexpression is not yet
understood, but an activation mechanism through a three-dimensional interaction of
a distant enhancer with the SOX11 promoter was recently suggested. SOX11 pro-
motes tumor cell growth and regulates B-cell differentiation, cell proliferation, and
tumor cell microenvironment. Furthermore, SOX11 induces expression of PAXS, a
master regulator of B-cell differentiation. As PAX5 downregulation is required for
plasma cell development, increased expression of PAXS5 blocks B-cell differentia-
tion process contributing to tumorigenesis. Downregulating BCL6 expression,
SOX11 also prevents cells from entering the germinal center. Additionally, SOX11
regulates interactions of MCL cells with the microenvironment-promoting
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Low
Invasive
potential

Leukemic Non-Nodal MCL

Fig. 2.3 MCL pathogenesis and molecular subtypes. MCL primary oncogenic event is the t(11;14)
leading to CCND1 overexpression. The differential expression of SOX11 seems to define two
subtypes. SOX11 expression represses BCL6 that may prevent cells from entering the germinal
center. These cells carry unmutated IGHV and are genetically unstable. SOX11 may block the
terminal B-cell differentiation of cells by forcing PAXS expression and promote tumor cell growth,
migration, and homing to lymph nodes via activation of the CXCR4/FAK/PI3K/AKT axis.
SOX11-negative MCL cells enter the germinal center; they appear genetically stable. The SOX11-
negative tumor cells have very low invasive potential and remain in the blood as leukemic disease
and frequently discovered incidentally. Both MCL subtypes may acquire additional genetic events
such as TP53 mutations that promote progression to aggressive variants

angiogenesis, MCL migration, and stromal-mediated drug resistance through the
induction of platelet-derived growth factor a (PDGFA) and through direct regulation
of CXCR4 and FAK expression and focal adhesion kinase (FAK)/PI3K/AKT path-
way activation. These mechanisms are consistent with the extensive nodal dissemi-
nation and more aggressive behavior of conventional SOX11 MCL [33, 57-63].

There are few MCLs that lack the translocation t(11;14) and do not overexpress
cyclin D1. Instead, these cases seem to frequently express higher levels of cyclin D2
or cyclin D3. In roughly 55% of these lymphomas, the cyclin D2 locus is rear-
ranged, emphasizing the importance of cyclin D2 overexpression. These lympho-
mas resemble MCL by morphology and phenotype and yet lack BCl1 and the
t(11;14). They are similar to MCL by gene expression profiling studies. Cyclin d2
and cyclin d3 expression by IHC is not useful as this is expressed by other low-
grade lymphomas. They harbor translocation of cyclin d2 gene on chromosome 12
with heavy and light chain genes on chromosomes 14, 2, and 22, respectively. They
express SOX11 transcription factor uniformly and hence are valuable in recogniz-
ing cyclin d1-negative cases of MCL.
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Cyclin D1 expression alone is not sufficient for the transformation of normal B
lymphocytes, as was shown in transgenic mice models that overexpress cyclin D1
alone does not develop lymphoma. In addition to cyclin D1 expression and its role
in cell cycle dysregulation, MCL tumors demonstrate a decreased response to DNA
damage and enhanced cell survival (impaired apoptosis) [59, 64—67].

In addition to cyclin D1 deregulation as the primary oncogenic event, genetic and
molecular studies have identified other alterations involving the cell cycle machin-
ery, the cellular response to DNA damage, and cell survival pathways that contrib-
ute to the disease progression (Fig. 2.4) [16, 33, 38, 68, 69].

Genome-wide studies have identified genes that are recurrently mutated or dys-
regulated in MCL besides CCNDI. The most common secondary alteration is the
mutation of ATM (42-55%), usually associated with 11q deletions, followed by
mutation/deletion of TP53 (10-25%), reflecting the importance of DNA repair in
the pathogenesis of MCL. In a subset of cases of MCL, the gene that encodes the
NOTCHI1 receptor is hypomethylated or has a gain-of-function mutation, suggest-
ing that NOTCH signaling has an oncogenic role in some cases of MCL. Alterations
in genes involved in apoptosis (BIRC3, TLR2), chromatin modification (WHSCI,
MLL2, MEF2B), as well as the gene encoding the NOTCH2 receptor. 7P53 deletion
and even more so mutation of 7P53 is associated with poor response to therapy and
poor survival outcomes. The distribution of MCL driver genes differs considerably

Naive B cell 9
Deregulation of cell .
(mantle zone, cycle Deregulation of DNA Deregulation of

lymphoid damage response apoptosis
follicle,

) 2 (cyclin D1, CDKN2A,

i BCL2, FBXO10,
splenic follicle) BMI 1, RB1, CDK4) (ATM, p53, MDM2) (

BCL2L11, MCL1)

Memory B cell Constitutive activation of

(Peripheral oncogenic pathways Deregulation of
blood, splenic (NFkB, PI3BK/AKT/mTOR, WHSC1, MLL2, MEF2B)
marginal zone NOTCH, JAK/STAT3, WNT)

lymphoid follicle)

Fig. 2.4 Molecular pathways contributing to MCL pathogenesis. Diverse molecular events are
involved in the pathogenesis of MCL. Adding to the initiating translocation t(11;14), deregulation
of cell cycle, DNA damage repair, apoptosis and chromatin modifiers, as well as upregulation of
various oncogenic pathways play crucial roles in MCL lymphomagenesis
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between SOX11-positive and SOXI11-negative tumors. ATM, CDKNZ2A, and
chromatin-remodeling genes are almost exclusively altered in SOX11-positive
cases, whereas TLR2 mutations appeared only in SOXI1-negative tumors.
Mutations in TP53, NOTCH2, and BIRC3 are demonstrated in both MCL subtypes
[33, 69, 70].

Impaired DNA Damage Response

Some cases of MCL appear to have an impaired response to DNA damage, which
results in increased chromosomal instability. This impaired response is largely due
to defects in the 7P53 and ataxia-telangiectasia-mutated (ATM) genes. In addition,
the cell cycle checkpoint kinases (CHK) 1 and 2 are downregulated in some MCL
cases [33, 70].

TP53 Mutations of TP53 are seen in 10-25% of MCL cases and are associated
with more aggressive histology and shorter survival [71]. The 7P53 gene, located at
17p13.1, encodes a tumor suppressor protein that binds DNA and activates tran-
scription of growth-inhibitory genes. It acts by regulating transcription of numerous
downstream target genes involved in cell cycle arrest, apoptosis, DNA repair, senes-
cence, and metabolism as a transcription factor and by being directly recruited to
the mitochondria and inducing apoptosis independent of its function as a transcrip-
tion factor [72, 73].

Under normal physiological conditions, p53 expression is maintained at a low
level, regulated via degradation by its E3 ubiquitin ligases, MDM?2, Pirh2, and
COPI1. However, under stressful conditions p53 is stabilized by posttranslational
phosphorylation and acetylation. These stressors can be of different types such as
double DNA-strand breaks in chromosomal DNA induced by ionized radiation.
Another example is single-stranded DNA that develops at stalled replication forks
due to base alteration induced by chemotherapeutic drugs and UV radiation.
Aberrant growth signals that deregulate pRb-E2F cell cycle control pathway are
additional mechanisms of stress. Once stabilized, TP53 facilitates variety of growth-
limiting responses, including cell cycle arrest, apoptosis, senescence, and differen-
tiation. When p53 activity is lost by gene deletion or mutations, normal cells lose
the abilities to control their growth and death, leading to immortalization and ulti-
mately cancer [74, 75] (Fig. 2.5).

Downregulation of 7P53 expression or expression of mutant 7P53 products
results in a loss of the normal growth-limiting activities of this gene. Interestingly,
mutation of 7P53 has been more strongly associated with poor outcome than its
deletion, raising the possibility that gain-of-function mutations are involved [76].

Mutations in the p53 gene occur mainly in the DNA-binding domain with the
majority of them being missense mutations, resulting in loss of function as a tran-
scription factor and accumulation of dysfunctional p53 protein in tumors [76].
There are two classes of mutants: DNA contact (class I) where mutations involve
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Fig. 2.5 P53 response to DNA damage pathway. MDM?2 is a negative regulator of p53. Upon
DNA damage ARF promotes MDM?2 degradation and p53 stabilization and activation, along with
ATR and ATM. p53 utilizes multiple signaling pathways to activate the apoptotic program, such as
increase FAS receptor on the cell surface and sensitizing the cell to any Fas ligand in the extracel-
lular space, inducing IGF-binding protein-3 which leads to activation of Bad, FOXO3, and IkB,
and increase expression of FOXO3-, Bad-, and BCL2-related protein which causes the release of
cytochrome c and caspase cascade activation leading to cell death

amino acids directly binding to the p53-responsive element in DNA (e.g., p53%?73H
and p53%%%K) and conformational (class II) where mutations lead to structural
changes of p53 protein to diminish its DNA-binding activity.

Both mutant types also demonstrate the dominant-negative (DN) activity by het-
erooligomerizing with and deactivating wild-type p53. Some mutations may lead to
oncogenic gain-of-function (GOF) activities, such as enhanced tumor progression,
metastatic potential, and drug resistance, when overexpressed even in cells lacking
wild-type p53. Thus, mutant pS3 can function as an oncogene and greatly contribute
to malignant potential of cancer cells. In a subset of MCLs, inactivation of p53 can
also be mediated through overexpression of MDM2 that promotes its proteasome-
dependent degradation [76-79].

ATM Gene Deletion of 11g22-23 or point mutations in the ataxia-telangiectasia-
mutated (A7M) tumor suppressor gene is seen in approximately one-third to one-
half of MCL cases. ATM is involved in the detection of DNA damage and plays an
important role in the regulation of cell cycle progression. ATM mutations and TP53
mutations are seen together in only 10% of cases [70].
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The ATM gene was discovered in 1995 in patients with ataxia-telangiectasia
(A-T) syndrome [80, 81]. It is located on chromosome 11q 22-23 (11q22-q23) and
encodes a PI3K-related serine/threonine protein kinase (PIKK). PIKK plays a cen-
tral role in the repair of DNA double-strand breaks (DSB), which can be, as was
mentioned above, induced by ionizing radiation, chemotherapy drugs, or oxidative
stress or occur during normal physiologic events like meiotic recombination or rear-
rangement of antibody genes during B-cell maturation [82, 83]. Repair of DSBs
involves an extensive network of signals, including sensor/mediator proteins, down-
stream transducer protein kinases, and effector proteins. The MRE11-RADS50-
NBS1 (MRN) complex is considered the primary sensor/mediator of DSBs [84]. It
forms a physical bridge spanning the DSB ends, takes part in DSB end resection,
and recruits ATM at DSB sites (Fig. 2.6). ATM behaves as a transducer in the DSB
repair process, connecting with other sensor proteins, such 53BP1 (p53-binding

Fig. 2.6 ATM pathway. ATM in repair of double-stranded DNA breaks. MRN complex finds the
breaks and recruits ATM. ATM dissociated into active monomers; it is autophosphorylated and
acetylated at the recruitment site. After ATM phosphorylates sensor proteins and protein kinases
and activates checkpoint kinase 2 (CHK2), p53 and BRCA lead to cell cycle checkpoint control,
induction of apoptosis, and DNA repair. ATM inactivation in MCL leads to defects in ATM-
dependent phosphorylation of its substrates (in red) and contributes to the genetic instability and
defective cell cycle control observed in MCL cells. ATM inactivation in tumor cells thus may act
synergistically with cyclin D1 overexpression to override cell cycle checkpoint controls and
thereby promote the accumulation of additional genomic aberrations during tumorigenic
development
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protein) and BRCAL (breast cancer type 1). ATM becomes catalytically activated at
the site of DSBs by dissociating from homodimers into active monomers, autophos-
phorylation of ATM at Ser1981 and other sites, and acetylation [8§5-87]. Activated
ATM turns on phosphorylation and subsequent activation of many downstream
effectors, including ones involved in cell cycle checkpoint arrest (Chk1 and Chk?2),
DNA repair (BRCA1 and RADS51), and apoptosis (p53) [75, 88].

ATM mutations observed in approximately 45% of mantle cell lymphoma cases;
such mutations generally are truncating mutations or missense mutations within the
region of the gene encoding the PI3K domain [89]. The high frequency of ATM
mutations has been linked to ATM expression in naive B cells in the mantle zone.
ATM mutations are seen in cases with high chromosomal instability where aberrant
reinitiation of DNA replication during the S phase and decrease in the expression of
CHKI and CHKZ2, 2 serine-threonine kinases downstream of S-phase checkpoints
have been identified [90].

Enhanced Cell Survival Microarray studies have suggested that MCL cases dis-
play disturbances of pathways associated with apoptosis. Specifically, MCL cells
appear to avoid programmed cell death (apoptosis) by the expression of B-cell lym-
phoma 2 (BCL2), upregulation of the PI-3 kinase/AKT pro-survival signaling path-
way, and activation of nuclear factor-kB (NF-kB) [33, 36, 69].

B-cell leukemia/lymphoma 2 (BCL-2) family proteins are key regulators of apop-
tosis [91]. BCL2 family members regulate cell survival and can either promote or
inhibit apoptosis. They share regions of homology and can be classified into either
antiapoptotic members, multidomain proapoptotic, or BH3-only proapoptotic mem-
bers (Fig. 2.7).

BCL?2 is an oncogene that blocks programmed cell death, leading to prolonged
cell survival [75]. BCL2 overexpression is also common in other B-cell lymphomas.
The BCL-2 pathway is deregulated in MCL; high-level copy number gains of the
BCL2 locus at 18q21.3 are frequent [92]. High MCLI1 expression is common in
tumors that are more aggressive and is increased by AKT/mTOR signaling. BCL-XL
overexpression has been linked to constitutive activation of the NF-kb pathway [75,
91, 93, 94].

In normal B cells, PI3K functions as a transducer of BCR signaling that regulates
proliferation, differentiation, apoptosis, and survival. Gene expression profiling
implicated the PI3K/AKT pathway in the pathogenesis of MCL, and several key
components of the PI3K/AKT/mTOR pathway are activated in MCL. Constitutive
activation of AKT was found in most blastoid and many classic MCL tumors and
was associated with the phosphorylation of downstream targets, including MDM?2,
Bad, and p27. Furthermore, AKT mediated activation of mTOR, and its downstream
targets S6K and eukaryotic initiation factor 4E-binding protein-1 (4E-BP1) can
increase translation of key proteins.

The PI-3 kinase (PI3K)/AKT signaling pathway promotes cell growth, cell sur-
vival, and tumorigenesis by inactivating several proteins including CDKI1B (p27)
BAD (a member of the BCL2 family) and FOXO1, a transcription factor that regu-
lates the expression of proapoptotic genes (Fig. 2.8). The PI3K/AKT pathway also
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Fig. 2.7 Bcl-2 family members and antiapoptotic alterations in MCL. Bcl2 family consists of
antagonistic partners. In red are family members commonly overexpressed in MCL, in blue are
frequently deleted or inhibited with overall antiapoptotic advantage in MCL cells

increases the levels of nuclear factor-kappa B and mammalian target of rapamycin
(mTOR), resulting in a decrease in functional TP53 and subsequent cell survival.
Bruton tyrosine kinase (BTK) functions downstream of the membrane-bound B-cell
receptor (BCR) and links constitutive BCR signaling to PI3K/AKT activation and
nuclear factor-kappa B activation, consistent with the view that these pathways are
critical for MCL growth and survival [95-97]. Several mechanisms may cause con-
stitutive activation of AKT, including activation of upstream kinases such as SYK,
and amplification of PI3KCA, the gene encoding the catalytic subunit p110 [97].
Loss of PTEN, a phosphatase that turns the PI3K pathway off, is another recurrent
alteration in MCL and may be the result of mutations, deletions, or promoter meth-
ylation [96]. PTEN can also be inactivated by phosphorylation at serine 380 and
threonine 382/383, which has been found in MCL cases with constitutively active
AKT [75, 98].

Nuclear Factor-Kappa B (NF-kB) Pathway Nuclear factor-kappa B (NF-kB)
polypeptides represent a family of transcription factors that have important roles in
regulation of normal immune function and are often dysregulated in lymphoid
malignancies. It consists of p65 (RelA), c-Rel, RelB, p50/p105 (NF-kB1), and p52/
p100 (NF-kB2) [75]. They activate the transcription of genes involved in survival,
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Fig. 2.8 PI3K/AKT/mTOR pathway. PI3K functions as a transducer of BCR signaling and can be
activated by SYK-dependent phosphorylation of CD19 and B-cell PI3K adaptor protein (BCAP).
PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to generate the second mes-
senger, phosphatidylinositol-3,4,5-trisphosphate (PIP3). This process is negatively regulated by
PTEN. PI3K then phosphorylates the serine/threonine kinase AKT with subsequent activation of
mTOR, MDM2, and NF-kB (by activation of IKK) contributing to MCL pathogenesis. In blue
inactivated or downregulated molecules, in red activated or overexpressed molecules

proliferation, and apoptosis [99]. Upon activation through the classical/canonical or
the alternative/noncanonical pathway, the NF-kB members are released from their
inhibitors and subsequently translocate to the nucleus to bind to their target genes
[100]. Constitutive activation of both the classical and the alternative NF-kB path-
way has been detected in MCL [101, 102]. NF-kB target genes highly expressed in
MCL include the antiapoptotic proteins BCL-2, BCL-XL, XIAP, and cFLIP [37,
101, 103].

NF-kB signaling can also drive transcription of the TNF family member BAFF/
BLyS, a potent B-cell survival factor. BAFF in turn stimulates both canonical and
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alternative NF-kB pathways, creating a positive feedback loop that could contribute
to tumor cell survival [104].

BAFF receptor was found in the nucleus of MCL cells, where it participated in
histone H3 phosphorylation, leading to an increase transcription of genes that pro-
mote cell survival and proliferation [105]. Inactivation via genomic deletions, muta-
tions, and increased promoter methylation of a negative regulator, ubiquitin-editing
enzyme TNFAIP3/A20, also contributes to a constitutive activation of NF-kB sig-
naling [106] (Fig. 2.9).

NOTCH Pathway NOTCH is a transmembrane protein that functions as a ligand-
activated transcription factor. NOTCH pathway is one of the most evolutionarily
conserved signaling pathway that regulates important cell fate decisions during
embryonic development. In adult tissues, NOTCH-mediated signals are important
regulators in the maintenance of self-renewal, contributing, for example, to myo-
genesis, neurogenesis, and lymphocyte development [75, 107].

NOTCHland NOTCH2 mutations have been detected in MCL [108].
Approximately 10% of MCLs harbor somatically acquired NOTCH1 mutations
[70]. The majority of recurrent mutations in NOTCH1 are located in exon 34 that
encodes the PEST domain. PEST domain is a C-terminal region of intracellular

Fig.2.9 Chronic active BCR and NF-kB signaling in MCL. Constitutive activation of both NF-kB
signaling pathways is described in MCL and was shown to have an important role in MCL contrib-
uting to MCL cells survival and proliferation. * indicates mutation detected in MCL cells
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portion of the NOTCH1 molecule rich in proline, glutamate, serine, and threonine
and regulates protein stability and degradation. These mutations result in an abnor-
mal overactivation of NOTCHI1 signaling pathway due to impaired degradation of
its active intracellular component [109].

These mutations are predominantly caused by truncation or small frameshifting
indels [70, 109]. Mutations in NOTCH Iare associated with a shorter overall sur-
vival, suggesting a negative prognostic role for NOTCHI in MCL. It was recently
shown that NOTCH signaling regulates, directly or indirectly through MYC, a gene
signature that maintains BCR signaling, RNA metabolism, and chromatin/tran-
scriptional regulation [110, 111]. In addition, hypomethylation of NOTCH1 seems
to represent an alternative mechanism of NOTCH activation [112].

NOTCH2 mutations occur in roughly 5% of MCLs [70]. These mutations are
more frequent in blastoid and/or pleomorphic MCLs and are associated with a dis-
mal prognosis.

NOTCH?2 mutations are present as an alternative and are mutually exclusive to
NOTCHI] alterations in aggressive tumors. The mutation pattern is similar to that
reported for NOTCH1, with the generation of a premature stop codon within the
PEST domain. NOTCH2-mutated cases demonstrate an upregulation of different
genes involved in cell cycle and metabolic pathways, together with genes directly
regulated by NOTCH?2 [70, 111] (Fig. 2.10).

Fig. 2.10 NOTCH1 and NOTCH2 participate in regulation of DNA repair, gene expression, chro-
matin modification, and cell cycle in MCL. NOTCHI along with BIRC3, and TRAF2/TRAF3
regulates TP53 and ATM and directly and indirectly activates C-MYC. NOTCHI activation via
mutations or chromatin modification leads to increased gene expression and impaired DNA repair.
NOTCH2 recruits CARD11 upon activation and leads to downstream activation of cell cycle acti-
vators promoting cell proliferation
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Janus kinase (JAK)/signal transducer and activator of transcription 3 (STAT3)
pathway — the JAK/STAT3 pathway mediates cell survival and cell proliferation and
is activated by extracellular ligands such as interleukins (IL) or interferons. STAT3
is the signal transducer of IL-10, and STAT3 is activated by phosphorylation
[75, 113].

Ligand binding induces autophosphorylation of JAK that in turn phosphorylates
and activates STAT3. Activated STAT3 translocates to the nucleus to alter transcrip-
tion. Interleukin (IL)-10 was shown to increase the proliferative activity of MCL
cells. Phosphorylated STAT3 has been detected in primary MCL tumors and seems
to be induced by BCR engagement and/or an autocrine IL-6 and/or IL-10 secretion
loop [114, 115]. Additional evidence for the important role of JAK/STAT signaling
in MCL came from a recent sequencing analysis of suppressor of cytokine signaling
1 (SOCS1), an inhibitor of the JAK/STAT pathway. SOCS1 mutations were detect-
able in primary MCL cells [37, 116].

WNT Pathway The WNT pathway is involved in cell proliferation and survival.
Signaling through this pathway can be divided into canonical/b-catenin-dependent
and noncanonical/b-catenin-independent noncanonical signaling [75]. Gene
expression profiling studies suggested a role of canonical WNT signaling in the
pathogenesis of MCL. WNT pathway activation stabilizes beta-catenin, allowing it
to translocate into the nucleus and form a transcription complex that upregulates the
expression of multiple target genes, including CCND].

Accumulation of b-catenin is seen in the nucleus of MCL cells, and inhibition of
WNT signaling led to reduced proliferation and apoptosis of MCL cells, supporting
arole of WNT pathway in MCL pathogenesis [117-120].

BCR Signaling The BCR is composed of an IgM and IgD immunoglobulin and
the heterodimer CD79a/CD79b. BCR stimulation activates a molecular complex,
including Bruton tyrosine kinase (BTK), phospholipase Cg2 (PLCG2), and the
phosphoinositide 3-kinase (PI3K) with downstream signals promoting cell survival
and proliferation. BCR stimulation also triggers the release of chemokines and
increased migration of the cells. The signaling response to BCR engagement is vari-
able among cases ranging from intense to anergy, an unresponsive status of the B
cell induced by chronic antigen stimulation in the absence of T-cell cooperation.
Activation of mucosa-associated lymphoid tissue 1 (MALT1)-driven MYC signal-
ing, autocrine secretion of IL-1b, tumor necrosis factor-a (TNF-a), CCLS5, and
stromal-induced FAK activation lead to MCL survival, proliferation, and drug resis-
tance. The tissue microenvironment provides an essential niche for MCL. Interactions
between MCL cells and the microenvironment are mediated by different chemo-
kines, adhesion molecules, and their respective receptors that are similar to those
used by CLL. BCR and NF-kB activation mainly occurs in lymph nodes, but some
leukemic cases have this activation independent of the nodal microenvironment
(Fig. 2.9) [33, 36, 37, 121-125].
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Epigenetic Regulation of Tumor Biology

Epigenetic changes are relatively new field in the MCL biology. While acetylation
of histones leads to an open chromatin conformation and enhances access of tran-
scription factors to DNA, methylation of gene promoters can silence gene expres-
sion. Alterations in both acetylation and methylation have been shown in
tumorigenesis. Several hypomethylated and thereby upregulated genes could play a
pathogenic role, including NOTCH1, CDKS5, and HDACI [33, 37, 112, 126, 127].

Deregulation of chromatin modifiers — mutations in chromatin modifiers such as
WHSCI encoding a H3K36 methyltransferase, MLL2 encoding a H3K4 methyl-
transferase, and MEF2B encoding a transcriptional activator — occur in subsets of
MCLs. MLL2 harbors frequently monoallelic truncating and missense mutations
that may lead to loss of function of this haploinsufficient tumor suppressor gene
[70, 128].

Multistep Development and Progression in MCL

The presence of critical oncogenic players does not correspond to the tumor prolif-
eration. It is not yet clear how exactly oncogenesis progresses and what are the
required stimuli and mutation to warrant progression (Fig. 2.11). Cells carrying the
t(11;14) translocation have been detected at very low levels in the peripheral blood
of a number of healthy individuals (8%). These clones can persist for long periods,
but it is not clear whether they all evolve into an overt lymphoma. The rather high
frequency in healthy individuals and low prevalence of MCL suggest that most

Fig. 2.11 Multistep progression of MCL (adapted from [35]). Clonal cells carrying the t(11;14)
translocation may be detected in the peripheral blood of healthy individuals at very low levels. The
risk of progression of these clones must be extremely low, if any. Cells expressing cyclin D1 and
carrying the t(11;14) may be found in the mantle zone of lymphoid follicles in otherwise reactive
tissues. Most of these lesions will not evolve into an overt lymphoma. It remains controversial
whether in situ neoplasia is a required step in all lymphoma cases
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clones bearing only the t(11;14) translocation will never transform into a malignant
tumor. The incidence of MCL occurring simultaneously in the donor and recipient
of allogenic bone marrow transplant years after transplant highlights long period of
time for initial clones to progress to an overt lymphoma. Cells carrying the t(11;14)
translocation and cyclin D1 overexpression have been occasionally found in the
mantle zones of otherwise reactive lymphoid tissues in healthy individuals. These
lesions have been referred to as “in situ MCLs” or “MCL-like cells,” but their
malignant potential seems very limited, and currently they are termed as in situ
mantle cell neoplasia. The definition is the presence of cyclin D1-positive lymphoid
cells with CCNDI1 rearrangements restricted to the mantle zones of otherwise
hyperplastic-appearing lymphoid tissue. The cyclin D1-positive cells are typically
seen in the inner mantle zone but may be rarely seen in the outer mantle zone and
very rarely interfollicular. Compared with classic mantle cell lymphoma, this case
is unlikely to be CD5 negative. The cases of in situ mantle cell neoplasia are rare
and are usually identified as incidental finding sometimes associated with other
lymphomas. These lesions usually have an indolent course and do not require ther-
apy; however, follow-up is advised as rare cases may progress to overt lymphoma.

The in situ lesions were demonstrated in the lymph nodes that developed lym-
phoma years later. In situ lesion appears to be common step in both SOX11 positive
and negative MCLs; however, it is not yet clear whether it is a mandatory step in all
cases. In situ lesions were detected in patients in complete clinical remission sug-
gesting that these in situ lesions may represent microenvironment niche to sustain
resistance to treatment by tumor cells [2, 35, 128-132].

Morphology

The architectural and cytologic features of MCL have a broad spectrum as was
pointed out in early morphologic descriptions of this lymphoma. Several architec-
tural patterns and cytologic variants are currently recognized as distinct features of
MCL in the current WHO classification [2, 16, 33, 37].

Architectural Patterns

When MCL presents as nodal involvement, normal lymph node architecture is
effaced by a monomorphic tumor proliferation in either diffuse, mantle cell, or nod-
ular patterns (Fig. 2.12, Table 2.2) [2, 16, 133].

Nodular pattern is usually vague, and transitional areas between nodular and dif-
fuse pattern are usually seen. In rare cases, nodularity can be prominent raising
consideration of follicular lymphoma in the differential diagnosis (rare follicular
growth pattern). Some nodules may be solid, without evidence of residual germinal
centers (representing malignant counterpart of primary follicles). Nodular pattern
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Fig. 2.12 MCL growth patterns. (a) Diffuse pattern. (b) Nodular pattern

Table 2.2 Mantle cell lymphoma pattern of growth

Diffuse pattern Diffuse infiltration with lymph node architectural effacement

Mantle zone Neoplastic infiltration limited to the mantle zone surrounding reactive
pattern germinal centers

Nodular pattern | A vaguely nodular pattern, with obliteration of follicles and germinal
centers

may also represent as infiltration and obliteration of the original germinal center by
tumor cells. Cyclin D1, staining may identify initial infiltration or colonization of
reactive germinal centers in some cases, as an early stage of a nodular pattern.
Residual germinal centers can also be seen in tumors with a more diffuse pattern,
although in these cases they may be identified only focally [4-6, 9, 15, 133].

The mantle zone pattern is characterized by expansion of the follicle mantle area
by tumor cells surrounding a reactive germinal center, and it may be difficult to
distinguish from follicular or mantle cell hyperplasias [134].

Cytologic Variants

Classic (conventional or typical) MCLs are characterized by a monotonous prolif-
eration of small- to medium-sized lymphoid cells with scant cytoplasm, variably
irregular nuclei, evenly distributed condensed chromatin, and inconspicuous nucle-
oli. Large cells with abundant cytoplasm or prominent nucleoli are rare or absent;
when present, they may correspond to reactive centroblasts of residual germinal
centers overrun by lymphoma cells.

Other variants as designated in the current WHO classification include small cell
and marginal zone like [2, 16] (Figs. 2.13, 2.14, 2.15, and 2.16; Table 2.3). Some
cases may show a predominance of small lymphocytes with rounded nuclei and
more condensed chromatin. This so-called small-cell variant of MCL mimics
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Fig. 2.13 Cytologic MCL variants in lymph node. (a) Classic/conventional variant (most com-
mon). (b) Blastoid variant. (¢) Pleomorphic variant

chronic lymphocytic leukemia-small lymphocytic lymphoma (CLL/SLL) and has
similar clinical behavior. The absence of proliferation centers (growth centers) or
isolated prolymphocytes and paraimmunoblasts helps to distinguish this variant
MCL from CLL.

Some cases may have a variable number of cells with more abundant pale cyto-
plasm, mimicking marginal zone or monocytoid B cells [135, 136]. While the
nucleus of these cells may have a blastoid or classic morphology, the unusual pale
abundant cytoplasm raises the possibility of marginal zone lymphomas or hairy cell
leukemia. In some cases, these monocytoid-like cells may even reside in the mar-
ginal zone of lymphoid follicles, outside an apparently preserved mantle zone. CD5
and cyclin D1 positivity is crucial in the diagnosis of this variant [15].

Proliferative activity in classic and small-cell MCL varies from case to case but
is usually lower than one to two mitoses per high-power field. However, some cases
of conventional MCL may show a relatively high mitotic index, similar to the blas-
toid variants, and these patients may have an aggressive clinical course. Scattered
epithelioid histiocytes with eosinophilic cytoplasm are relatively common, but well-
formed microgranulomas are not usually seen. These histiocytes generally do not
contain phagocytosed apoptotic bodies. In some cases, hyalinized small vessels
may be seen scattered throughout the tumor [137, 138].
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Fig. 2.14 Cytologic variants of MCL in peripheral blood. (a) Blastoid variant. (b) B. Pleomorphic
variant (composite image). (¢) Conventional variant

Fig. 2.15 Sox11 and high Ki-67 proliferation index in blastoid MCL (compared to lower Ki-67
index in conventional MCL, Fig. 2.1)

More aggressive variants of MCL may have a morphology that ranges from a
monotonous population of cells resembling lymphoblasts (blastoid variant) to a
more pleomorphic appearance with larger irregular cells resembling diffuse large
B-cell lymphoma (pleomorphic variant) [137, 138]. These variants may represent
the ends of a morphologic spectrum; transitional areas between these subtypes may
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Fig. 2.16 C-MYC expression in conventional (a) and blastoid (b) MCL

Table 2.3 Variants of mantle cell lymphoma based on morphology

Classic Small- to medium-sized lymphoid cells with slightly to markedly irregular nuclei,
resembling centrocytes

Moderately dispersed chromatin, inconspicuous nucleoli

Scanty pale cytoplasm

Monotonous cell populations

Infrequent larger neoplastic cells

Recognizable mitotic figures

Small cell | Small round lymphocytes, resembling CLL/SLL cells

Dense, clumped chromatin

Blastoid Intermediate-sized blasts, with a morphology between a centrocyte and a
centroblast and mimicking ALL/B-LBL cells

Pleomorphic | Medium to large cells with large cleaved or oval nuclei

Clumped or finely vesicular chromatic; prominent nucleoli

Moderate amount of pale cytoplasm

be observed, and some tumors have mixed cytology, with areas of pleomorphic cells
intermingled with others having a classic morphology. These cytologic variants
have the same phenotype and genetic alterations, including 11q13 translocations
and cyclin D1 overexpression, as classic MCL, indicating that they correspond to
the same entity.

Blastoid MCL is characterized by a monotonous population of medium-sized
lymphocytes with scant cytoplasm, rounded nuclei with finely dispersed chromatin,
and inconspicuous nucleoli. These cases may resemble lymphoblastic lymphoma or
nodal involvement by acute myeloid leukemias. The mitotic index is very high, with
more than two to three mitoses per high-power field. Histiocytes with tingible bod-
ies and a “starry-sky” pattern may be seen. MCLs with a more pleomorphic or large
cell morphology were initially designated in the Kiel classification as anaplastic
centrocytic lymphomas or centroblastic lymphomas of the centrocytoid subtype
[139]. These tumors are composed of a more heterogeneous population of large
cells with ovoid or irregular, cleaved nuclei; finely dispersed chromatin; and small,
distinct nucleoli. The mitotic index is high but usually lower than in blastic cases.
This pleomorphic variant may be difficult to distinguish from large cell lymphomas.
However, the nuclear characteristics of cleaved contours, finely dispersed
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chromatin, and discordance between the large nuclei and relatively small nucleoli
may suggest a mantle cell origin. Ancillary studies, such as immunophenotyping,
FISH for t(11;14) are mandatory in these cases to confirm the diagnosis [16].

Bone Marrow and Peripheral Blood

Bone marrow involvement is observed in 50-90% of patients and is detected more
frequently in core biopsies than in aspirates. The pattern of infiltration may be nodu-
lar, interstitial, or paratrabecular, and in most cases, the combination of pattern is
seen. Isolated paratrabecular aggregates are rare. In some cases, diffuse infiltration
of the marrow may be observed. The degree of infiltration does not seem to correlate
with the histologic variants of MCL identified in lymph node biopsies, architectural
patterns, or patient survival [2, 16, 24, 140, 141].

Circulating peripheral blood cells in most MCLs usually show a mixture of
small- to medium-sized cells with scant cytoplasm, prominent nuclear irregularities,
and reticular chromatin. Some cells may have rounded nuclei, but the chromatin
does not have the clumped appearance seen in CLL. Leukemic blastoid MCL may
mimic acute leukemia, with medium to large cells, a high nuclear-to-cytoplasmic
ratio, fine dispersed chromatin, and relatively small or inconspicuous nucleoli.
Leukemic phase of the pleomorphic variant of MCL shows very large atypical cells
and prominent nucleoli [2, 16, 142].

Spleen

Grossly, MCL in the spleen demonstrates micronodular pattern of growth occasion-
ally associated with perivascular infiltration. Histologically, usually the enlarged
white pulp nodules are seen with only variable involvement of red pulp. Cytologically
the cells are rather monomorphic. Areas of marginal zone like cells may be seen at
the periphery of nodules. Residual “naked” germinal centers are found in 50% of
cases (Fig. 2.17). Tumor cells show a similar monotonous morphology as in other
locations. This pattern of infiltration makes the differential diagnosis of MCL and
other small cell lymphomas in the spleen difficult [142, 143].

Gastrointestinal Tract

A common manifestation of gastrointestinal disease is lymphomatoid polyposis, in
which multiple lymphoid polyps are identified in the small and large bowel. These
diffuse nodules may be associated with large tumor masses, usually ileocecal and
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Fig. 2.17 Naked
germinal center and
prominent vessels

regional lymphadenopathy. Although this clinicopathologic presentation is rela-
tively characteristic of MCL, differential diagnosis should include other non-
Hodgkin’s lymphomas, particularly follicular lymphoma and marginal zone
Ilymphoma of the mucosa-associated lymphoid tissue (MALT) type. Cyclin D1
expression and BCL1 rearrangement are useful for the differential diagnosis of
these tumors. MCL may also present as superficial ulcers, large tumor masses, and
diffuse thickening of the mucosa. Microscopic infiltration of gastrointestinal mucosa
by MCL without gross lesions is very common. In some cases glandular infiltration
by tumor cells may mimic lymphoepithelial lesions, making the distinction between
MCL and marginal zone lymphomas difficult [144].

Immunophenotype

The mantle cell lymphoma cells express B surface light chains (lambda more fre-
quently than kappa) with moderate intensity and heavy chains (IgM/IgD). They are
usually CD5, FMC-7, and CD43 positive and sometimes may express [IFR4/MUMI.
MCL cells express BCL2. They express B-cell markers CD19 and CD20 with
brighter expression of CD20. Typically, CD23, CD10, CDI11c, and CD25 expres-
sion is absent. Aberrant phenotypes are currently recognized including absence of
CD5 expression and variable degree of CD10, BCL6, and CD200 (typically CLL
marker) expression. The vast majority of cases demonstrates nuclear expression of
cyclin D1 (>95% of cases) and SOX11 (>90% of cases) with immunohistochemical
staining techniques. These stains are routinely applied in clinical practice in workup
of lymph node biopsies. SOX11 immunostaining aids significantly in diagnosis of
MCL as cyclin D1-negative and blastoid cases also demonstrate SOX11 positivity
[3.5, 21, 145-152].
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CDS5 expression is an important and helpful marker, which dictates consideration
of MCL in the differential diagnosis of small-intermediate size neoplastic B-cell
proliferation. The CD5 antigen is expressed by most T cells and a subset of B cells.
In mice, CD5-positive B cells appear to be an independent B-cell lineage capable of
self-renewal. CD5-positive B cells constitute a large proportion of the B cells in
human fetal lymphoid tissue, although the percentage decreases with fetal age. In
postnatal human lymphoid tissues, CD5-positive B cells are thought to be located
predominantly in the mantle zone. The conventional (most common) form of MCL
derives from mature B cells that have bypassed the germinal center and carry no or
a limited number of IGHV mutations [34]. The second, less common, subtype also
derives from cells that have the t(11;14) but have experienced the germinal center
and carry a higher number of IGHV mutations. These two subsets retain DNA
methylation and expression signatures reminiscent of naive and memory B cells,
respectively [2, 16, 33, 36, 37].

Histologic Progression

Studies of sequential biopsies have shown that the histologic pattern of MCL usu-
ally remains relatively stable. Although progression from nodular to more diffuse
pattern, changing patterns during evolution of disease, subsequent increase in large
blastic cells, or mitotic activity were described, most blastoid MCLs are detected at
diagnosis, and cytologic progression from classic MCL to a pure blastoid variant is
relatively uncommon. When occasional progression from classic/conventional
MCL to blastoid MCL was described, clonal relationship has been demonstrated.
Tumor progression may manifest with the development of an overt leukemic phase
[2, 6,12, 15, 16, 127, 153].

Cytogenetics Abnormalities and Oncogenes

The characteristic cytogenetic alteration in MCL is t(11;14)(q13;q32), although
variant translocations involving the 11q13 breakpoint have been reported [154].
This translocation is detected by conventional cytogenetics in up to 65% of MCLs
and in virtually all cases by fluorescence in situ hybridization (FISH) [43, 155, 156].
However, t(11;14) translocations have also been identified in 5% of multiple myelo-
mas [157]. Molecular analysis of this translocation in MCL and multiple myeloma
suggests that the mechanism in these tumors may be different, with an error in the
VDJ recombination in MCL and in the switch recombination process in myeloma.
In addition, cyclin D1 gene amplification without translocation has been seen in
cases of multiple myeloma but not in MCL [16, 158, 159].
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Cytogenetic studies are employing a variety of methods such as conventional
karyotype analysis, FISH, comparative genomic hybridization, and array-based anal-
ysis.® Array CGH (where the DNAs are directly labeled with Cy3 and Cy5 fluorescent
dyes, with tumor DNA pseudocolored red and reference DNA green) and chromo-
somal CGH (where the differences in copy number between the tumor and normal
DNA are reflected by differences in green and red fluorescence along the length of the
chromosome [160]) were employed to characterize MCL cells and demonstrated a
high number of secondary chromosomal alterations in MCL [16, 35-37, 69].

While recurrent translocations are relatively infrequent, with the exception of
MYC and the t(11;14) hallmark, recurrent copy number alterations are common,
with 90% of cases harboring at least one. Among commonly described are loss of
9p21/CDKN2A, 11q22/ATM, 13q14/Rb1, or 17p13/TP53 and gain/amplification of
8q24/MYC, 10p12/BMI1, 12q13/CDK4, or 18q21/BCL2, which affect genes
involved in cell cycle regulation, DNA damage response, and cell survival (Table 2.4).
Other recurrent alterations affect larger regions with no clear target genes, such as
loss of 1p, 8p, or9q and gain of 3q, 7p, or 15q. Losses of chromosome 8p have been
associated with a leukemic presentation in some studies but not in others. Blastoid
variants have more complex karyotypes and more high-level DNA amplifications
than classic variants. Gains of 3q, 7p, and 12q and losses of 17p are significantly
more frequent in blastoid than classic variants. Tetraploidy is also more frequently
associated with aggressive variants. Chromosome 8q24 alterations, including t(8;14)
(q24;932) and variants, seen in Burkitt’s lymphoma, have been identified in occa-
sional blastoid MCLs with a very aggressive clinical course. In addition to losses and
gains of chromosomes/parts of chromosomes that lead to chromosomal imbalances
that can be detected by conventional cytogenetics, mechanism of partial uniparental
disomy (pUPD) was recently described in MCL. By loss of one or part of parental
chromosome and gain of the homologue from the other parent, pUPD results in loss

Table 2.4 Chromosomal Chromosome region | Suggested target genes
alterations in mantle cell Gai
. ains

lymphoma that contain >

altered genes shown to 8q21-qter MYC

contribute to MCL 11q13.3 CCND1

pathogenesis 12q13 CDK4
18q11-q23 BCL2
Losses
9p21-p22 CDKN2A, ARF1
17p13-ter TP53
11q22-q23 ATM

Adapted from Ref. [16]

3 Comparative genomic hybridization, CGH, is designed to scan the entire genome for unbalanced
abnormalities — gains, losses, and amplification. In this method, tumor and reference (normal)
DNAs are differentially labeled and cohybridized to normal metaphase spreads (chromosomal
CGH) or to microarrays — thousands of DNA fragments of known sequenced arrayed in a known
sequence on a chip (array CGHF).
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of heterozygosity (LOH) without chromosomal deletion. As the gene dosage is not
changed, pUPD cannot be detected by conventional cytogenetics, FISH or
aCGH. Single-nucleotide polymorphisms (SNPs) assays were utilized to describe
this mechanism. pUPD is considered an alternative mechanism for the inactivation of
mutated tumor suppressor genes such as p53 at 17p21 in MCL. All of these genetic
alterations tend to accumulate in tumors with high proliferation and poor outcome [2,
16, 29, 33, 36, 37, 69, 70, 92, 161-164].

Prognosis and Predictive Factors

Prognosis is closely linked to the extent of disease at presentation. These factors are
included into Mantle Cell Lymphoma International Prognostic Index (MIPI). MIPI
is a risk score/formula calculated based on age, ECOG (Eastern Cooperative
Oncology Group) performance status, serum LDH (lactate dehydrogenase) levels,
and white cell count. MIPI less than 5.70 indicates low risk, MIPI of 5.70-6.2 is
considered intermediate risk, and MIPI greater than 6.2 is considered high risk.
About half of MCL patients have a high-risk MIPI score at presentation [2, 16, 165].
It was shown in many studies that proliferative activity is the most important prog-
nostic parameter in MCL, independent of the method used for its evaluation. Thus,
early studies showed that an increased mitotic index was an important prognostic
indicator. The exact number of mitoses deemed significant varies, but a mitotic rate
greater than 1.5-2.5 mitoses per high-power field generally indicates a more aggres-
sive course. A high proliferative index recognized by Ki-67/MIB-1 immunostaining
has also been associated with a poor prognosis, even in patients treated with rituximab
[6, 12, 13, 65, 166, 167]. Although high proliferation is associated with blastoid mor-
phology, tumors with classic cytology may also have high proliferative activity and an
aggressive clinical course. Microarray analysis of the global expression profile in
MCL has confirmed that quantification of the proliferation signature is the best pre-
dictor, defining subgroups of patients with more than 5 years median survival [65].
Ki-67 protein, a cellular marker for proliferation, is another important prognostic
factor. A European Mantle Cell Lymphoma Network study showed that median over-
all survival for patients with a Ki-67 proliferation index of less than 30% was not
reached and 5-year survival was 75%. At the same time, the median overall survival
(OS) for those with Ki-67 proliferation index of 30% or greater was just 3.4 years,
and 5-year OS was only 41% [165]. In limited series, a mantle zone architectural
growth pattern has been associated with more frequent localized disease, a high pro-
portion of complete remissions, and longer survival [12, 13, 16, 153]. The blastoid
and pleomorphic cyfologic variants are associated with a poor prognosis and a poor
survival, with a median survival of approximately 14—18 months compared to
50 months for patients with a classic morphology. Blastoid variants are also associ-
ated with other negative prognostic markers such as high proliferative activity,
increased cytogenetic alterations, and molecular alterations in tumor suppressor
genes [12, 13, 16, 71]. Several studies have shown that complex karyotype is associ-
ated with poorer outcomes. TP53 deletions (which affect about 20% of MCL patients)
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and mutations (which affect about 10%) are also useful prognostic factors, as each is
associated with worse outcomes. A recent study showed that high TP53 staining
(greater than 50% positive) is also associated with inferior outcomes, including
reduced time to treatment failure and lower overall survival [2, 33, 71, 168-170].

Differential Diagnosis

Benign Disorders

Benign lymphoid hyperplasia may mimic MCL. Expanded primary lymphoid fol-
licles and mantle zone hyperplasia seen in reactive lymph nodes or associated with
Castleman’s disease may suggest MCL with nodular or mantle zone patterns,
respectively. The helpful features to distinguish these reactive conditions are the
lack of nuclear irregularities observed in MCL, preservation of the nodal architec-
ture, and clinical picture of localized lymphadenopathy in a young patient. CD5 and
cyclin D1 negativity and lack of monoclonality help rule out the diagnosis of MCL
[16, 134, 171].

Cyclin D1-Negative Mantle Cell Lymphoma

Small B-cell lymphoma may morphologically present with irregular nuclei resem-
bling MCL but with negative cyclin D1. These cases also share 90% of the gene
expression profile with cyclin D1-positive cases. In this situation, the differential
diagnosis is difficult and may include three situations: false cyclin D1 negativity is
due to technical failure, true cyclin D1-negative MCL, and other small B-cell lym-
phomas morphologically and phenotypically mimicking MCL. To rule out the first
situation, it is important to investigate the presence of t(11;14) by FISH or assess the
cyclin D1 expression by other methods such as quantitative PCR. The recognition
of the cyclin D1-negative MCL is difficult because morphologically and phenotypi-
cally, similar lymphomas are also negative for cyclin D1 and t(11;14). These cyclin
D1-negative B-cell lymphomas may even be CD5* and CD23". It was shown that
cyclin D1-negative B-cell lymphomas are seen in younger patients, with less fre-
quent gastrointestinal tract involved and better overall survival than in patients with
MCL with cyclin D1 overexpression. About half of these cases show cyclin D2
rearrangements by FISH, and some cases show cyclin D2 overexpression by
PCR. Some authors suggest that some cases of cyclin D1-negative MCL may repre-
sent different entities, including atypical B-cell CLL, CD5* marginal zone lym-
phoma, or lymphoplasmacytoid lymphoma. Given the important clinical impact of
the diagnosis of MCL, experts caution about assigning definitive diagnosis in these
cases. Implementation of SOX11 into clinical practice might help to better distin-
guish cases of cyclin D1-negative MCL as it is a relatively specific marker of MCL
that is also consistently expressed in cyclin D1-negative MCL [16, 59, 64].
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Disorders with t(11;14) Translocation

While t(11;14) is the hallmark translocation in MCL, t(11;14) translocations have
also been identified in other hematologic malignancies. It was described in 5% of
multiple myelomas [157]. Molecular analysis of this translocation in MCL and mul-
tiple myeloma suggests that the mechanism in these tumors may be different, with
an error in the VDJ recombination in MCL and in the switch recombination process
in myeloma. In addition, cyclin D1 gene amplification without translocation has
been seen in cases of multiple myeloma but not in MCL [16, 158, 159].

Atypical Lymphocytosis

Some cases of MCL may present with atypical lymphocytosis without the morphol-
ogy (round cells) or phenotype (CD5-, CD23*) suggestive of MCL. Some of these
patients may have splenomegaly without peripheral lymphadenopathy, and they
may be difficult to diagnose without cytogenetic or molecular studies. Previously
defined cases of B-prolymphocytic leukemia with the t(11;14) translocation are
reclassified as MCL, particularly the pleomorphic variants [2, 16, 26, 172].

Chronic Lymphocytic Leukemia: Small Lymphocytic Lymphoma

Typical CLL/SLL and MCL have distinctive morphologic characteristics (Table 2.5).
However, some CLLs may have a high number of lymphocytes with “cleaved,”
irregular nuclei, mimicking MCL. CLL/SLL in lymph nodes may present with a
predominant interfollicular pattern surrounding reactive secondary follicles. The
predominance of small cells with round nuclei and the presence of prolymphocytes
and paraimmunoblasts with central nucleoli usually point toward diagnosis of CLL/
SLL as these findings are not seen in classic MCL. The different phenotypic char-
acteristics of these entities may be useful in the differential. However, some overlap
may exist, particularly when using flow cytometry, because some atypical CLLs
may express strong CD20 and surface immunoglobulins, and dim CD23 may be
detected in MCL. Assessment for t(11;14) by FISH may be very helpful in cases
with atypical/overlapping features [2, 6, 8, 15, 16, 148, 149].

Follicular Lymphoma

Morphologic differentiation of nodular MCL from follicular lymphoma may be
frequently problematic. Some cases of MCL might show a prominent nodular pat-
tern, suggestive of follicular lymphoma. The monotonous cell population, with a
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Table 2.5 Differential diagnosis of mantle cell lymphoma

Differential diagnosis

Similarities with MCL

Distinguishing features

CLL/SLL

Proliferation of small cell,
CD5 expression

Prolymphocytes and
paraimmunoblasts in CLL/SLL
CD23 and CD200, dim CD20, and
dim surface Ig expression in CLL/
SLL

Bright Cd20, surface Ig, and cyclin
D1, t(11;14) in MCL

Follicular lymphoma
(FL)

Nodular growth pattern

CD10/BCL6 expression, t(14;18) in
FL

CD5/cyclin D1 expression, t(11;14) in
MCL

Marginal zone
lymphoma (MZL)

Prominent monocytoid
features in marginal-like
zone MCL

Some MZL cases are
CD5-positive

Mixture of monocytoid, plasmacytoid,
and large cells in MZL

CD5/cyclin D1 expression, t(11;14)

in MCL

Diffuse large-cell
lymphoma (DLBCL)

Cytologic atypia and cell size
in pleomorphic variant MCL
DLBCL may express CD5
and cyclin D1

CD5, SOX11, and cyclin D1
coexpression in MCL along with
t(11;14)

B-lymphoblastic

Blast-like features and high

TdT (terminal deoxynucleotidyl

lymphoma (B-LBL) mitotic rate in blastoid MCL | transferase) expression in B-LBL
Surface Ig, Cd5, and cyclin D1
expression along with t(11;14) in

MCL

lack of centroblasts and slightly fewer nuclear irregularities, should raise the pos-
sibility of MCL. However, occasional centroblasts representing cells from residual
germinal centers may render the morphologic diagnosis of MCL difficult.
Immunohistochemical staining for CDS5, cyclin D1, CD10, and BCL6 typically
helps to clarify the case. The differential diagnosis between follicular lymphoma
with a diffuse pattern and diffuse MCL may also be difficult on histology alone, but
addition of immunohistochemical stains makes it easier to distinguish them. The
diagnosis of diffuse follicular lymphoma requires the presence of a minor centro-
blasts population and a typical follicular center cell phenotype with expression of
CD10, BCL2, and BCL6 [2, 6, 8, 16, 145, 152, 173].

Marginal Zone Lymphoma

Some cases of MCL may have tumor cells with relatively abundant pale cytoplasm,
which, coupled with the presence of residual germinal centers, may suggest the
diagnosis of marginal zone lymphoma. However, the areas of conventional MCL
can still be seen in these cases, and the absence of a mantle cell zone surrounding
reactive germinal centers provides the clue for diagnosis of MCL. The
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immunophenotype and molecular characteristics of MCL, with CD5 and cyclin D1
expression and IGH/CCND1 rearrangement, should confirm the diagnosis of MCL
[2, 6, 16, 135, 145].

Diffuse Large B-Cell Lymphoma

Pleomorphic MCL may morphologically resemble large B-cell lymphoma. The
large size of the cells and the occasional presence of a nucleolus may suggest this
diagnosis. The nuclear characteristics of pleomorphic MCL (irregular cleaved con-
tours, finely dispersed chromatin, and relative dissociation between the large nucleus
and small nucleolus) might suggest a mantle cell origin. CDS5 and cyclin D1 detec-
tion confirms the diagnosis of MCL. It is important to remember that a subset of
large B-cell lymphomas may express CD5 antigen. These cases of large B-cell lym-
phomas do not carry the t(11;14) translocation, are cyclin D1 negative, and associ-
ated with an aggressive clinical course with shorter survival times than CD5~ diffuse
large B-cell lymphomas [2, 16, 139, 174].

Acute Leukemias

Blastoid MCL may present as a leukemic disorder with a very aggressive clinical
course, mimicking acute myeloid or lymphoblastic leukemia. Clinically, these cases
may represent evolution of a preexisting nodal disease or represent the initial leuke-
mic manifestation of disease. The cytologic features of blastoid mantle cells with a
high nuclear-to-cytoplasmic ratio, rounded nuclei with very finely dispersed chroma-
tin, and small or inconspicuous nucleoli may suggest blasts. These forms express the
typical MCL phenotype with strong B-cell markers, surface immunoglobulins, cyclin
DI, and CD5; CD34 and terminal deoxynucleotidyl transferase are negative, thus
allowing the differentiation between MCL and acute leukemias. In the cases of TdT
and CD34, negative cases suspicious for B-lymphoblastic leukemia/lymphoma sur-
face immunoglobulin light chain expression should be carefully assessed. Clonal sur-
face immunoglobulin light chain expression is characteristically absent in immature
B-lymphoblastic leukemia cells, while MCL cells typically demonstrate restricted
(clonal) light chain expression. Cytogenetics and molecular studies may demonstrate
the t (11;14) translocation or IGH/CCND1 rearrangement [2, 16, 25, 28].

Summary

* Mantle cell lymphoma (MCL) is a mature CD5+ B-cell non-Hodgkin lymphoma
(NHL), which accounts for approximately 7% of adult NHLs in the United States
and Europe. Its behavior is more often that of an aggressive lymphoma. Recently
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more indolent subtypes (leukemic non-nodal mantle cell lymphoma, in situ man-
tle cell neoplasia) are recognized.

* Most MCL cases are postulated to derive from naive pre-germinal center B cells
of the mantle zone, while a subset of MCL may originate from marginal zone or
peripheral blood memory B cells.

* Immunophenotype of typical MCL is of mature B cells with CD5 expression and
negative for CD23, BCL6, and CD10.

e The genetic hallmark event is translocation t(11;14) which activates expression
of the CCNDI gene and pushes cell cycle progression from G1 to S phase.

e MCL, including cyclin D1-negative cases, is frequently associated with altered
expression of SOX11, a transcription factor that may contribute to a block in dif-
ferentiation in MCL cells.

e Multiple cytogenetic alterations and genes mutations highlight the importance of
a decreased response to DNA damage, enhanced cell survival (impaired apopto-
sis), and constitutive activation of oncogenic pathways (such as classical NF-kB,
alternative NF-kB, PI3K/AKT/mTOR, NOTCH, JAK/STAT3, WNT pathways)
in the pathogenesis of MCL.

* Cyclin D1 overexpression and the presence of the t(11;14) translocation are key
elements in the diagnosis.
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Chapter 3

Primary Cutaneous B-cell Lymphomas:
FL, MCL, Differential Diagnosis

Robert E. LeBlanc

Primary Cutaneous B-Cell Lymphomas

Primary cutaneous lymphomas are non-Hodgkin lymphomas that arise in the skin.
At the time of presentation, they generally do not have clinical evidence of extracu-
taneous disease [1]. Primary cutaneous B-cell lymphomas (PCBCL) comprise
roughly a quarter of the lymphomas in this broad and heterogeneous category [2].
These lymphomas pose three main diagnostic challenges for the healthcare team:
PCBCL must be distinguished from cutaneous lymphoid hyperplasias and other
inflammatory diseases that mimic lymphoma, PCBCL subtypes must be distin-
guished from one another, and PCBCL must be distinguished from extracutaneous
lymphomas that secondarily involve the skin. When a patient does not have a previ-
ous diagnosis of an extracutaneous B-cell lymphoma or has a previous diagnosis of
an extracutaneous B-cell lymphoma but no tissue available for a comparative clon-
ality assessment, a pathologist may not be able to determine whether a lymphoma is
of cutaneous or extracutaneous origin. Therefore, a multidisciplinary approach to
the diagnosis is necessary.

In general, PCBCL have a higher prevalence among men and among patients of
middle to advanced age [3]. Per the World Health Organization (WHO) updated
2016 classification, there are three main diagnostic entities comprising this group:
primary cutaneous marginal zone lymphoma (PCMZL), primary cutaneous follicle
center lymphoma (PCFCL), and primary cutaneous diffuse large B-cell lymphoma,
leg-type (PCDLBCL-LT) [2]. Both PCMZL and PCFCL are indolent diseases with
rare exceptions. In contrast, PCDLBCL-LT is an aggressive lymphoma with a pro-
pensity to disseminate beyond the skin. Reports of skin-limited B-cell lymphomas
that warrant consideration for other WHO classifications are exceptional, and less is
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known about their biologic potentials. For instance, the skin rarely hosts the initial
clinical manifestations of mantle cell lymphoma. While the concept of a primary
cutaneous mantle cell lymphoma has been discussed, many reported cases with
clinical follow-up show that patients have occult nodal disease concomitant with
their skin findings or develop extracutaneous dissemination on follow-up, which is
in keeping with the multisystemic involvement attributed to this aggressive malig-
nancy [4]. Nonetheless, it is important to consider a broad differential diagnosis for
any robust cutaneous lymphoid infiltrate since a wide variety of B-cell lymphomas
and other lymphocyte-rich processes can disseminate to the skin and be mistaken
for primary cutaneous lymphoma. This list includes intravascular large B-cell lym-
phoma (IVLBCL), which is exceedingly rare but can be diagnosed on skin biopsies.
The classification and our understanding of these lymphomas continue to evolve
with advancements in immunobiology and molecular pathology.

Primary Cutaneous Marginal Zone B-Cell Lymphoma

Primary cutaneous marginal zone B-cell lymphoma (PCMZL) is subsumed under
the WHO classification category of extranodal marginal zone lymphoma of mucosal-
associated lymphoid tissue (MALT). Skin is the second most common site for
MALT-type lymphoma after the gastrointestinal tract, and PCMZL is the second
most common PCBCL accounting for approximately 25% of lymphomas in the
category [2, 3]. An association between PCMZL and Borrelia burgdorferi has been
established in some Western European cohorts; however, this association has not
been made in North American and Asian populations [5, 6]. While the etiology is
obscure for a majority of patients, an increased incidence of autoimmunity, aller-
gies, and various gastrointestinal pathologies is diagnosed in patients with PCMZL
as compared to the general population [7, 8]. Patients are twice as likely to be male
than female and have a median age of 50; however, there is a wide age range from
6 to 93 years [9-12]. PCMZL can be comprised of single or multiple, clustered red
to violaceous plaques or nodules. They occasionally have an annular rim of ery-
thema [2, 9, 13]. PCMZL is more likely to arise on the trunk, upper extremities, and
head and neck than elsewhere [9, 10, 14]. Patients lack constitutional symptoms,
and a majority of patients have localized disease. Overall, 5-year overall survival is
97%, and it approximates 100% for patients with solitary lesions [2, 10, 15].
Dissemination beyond skin is rare with sporadic reports of nodal dissemination and
exceptional reports of transformation to a large cell phenotype [9, 10, 15-17].
Approximately 93% of patients with solitary or localized lesions and 75% with
broader cutaneous dissemination achieve a complete response to therapy [9].
Treatment of solitary or localized lesions can include intralesional steroids, radio-
therapy, or surgical excision. Radiation has been associated with superior clearance
rates [18-20]. Rate of relapse is 39% for patients with solitary or localized lesions
and 77% for patients with multifocal disease [9]. Per National Comprehensive
Cancer Network (NCCN) guidelines, patients receiving a putative histologic
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diagnosis of PCMZL should be screened for extracutaneous disease with a workup
that includes physical examination, complete blood count with differential, compre-
hensive metabolic panel, lactate dehydrogenase, and CT chest/abdomen/pelvis with
contrast [21].

Histomorphology

There are two histologically (and likely etiologically) distinct subsets of PCMZL [8,
22]. While both comprise nodular and diffuse, bottom-heavy dermal lymphoid infil-
trates that spare the epidermis and involve the subcutis (Fig. 3.1a), one subset does
not undergo heavy chain class switching and resembles its extracutaneous MALT
lymphoma counterparts replete with sheets of neoplastic B-cells that colonize ger-
minal center follicles and efface adnexa. The other subset undergoes heavy chain
class switching and is accompanied by a polymorphous infiltrate that is sometimes

Fig. 3.1 Primary cutaneous marginal zone lymphoma. A nodular and diffuse, bottom-heavy lym-
phoid infiltrate spares the epidermis, occupies much of the reticular dermis, and extends into the
subcutis (a. 10x). A kappa light chain-restricted population is evident on low power given the
preponderance of kappa-positive cells (b. 10x) in comparison to Lambda expression (c. 10x).
Another example illustrates colonization of a germinal center follicle by lymphoma cells that
express both CD20 (d. 20x) and BCL2 (e. 20x). T-cells co-express BCL2 and CD3 (f. 20x) around
the periphery of the infiltrate. CD21 highlights an irregular, follicular dendritic cell network with
lysis at the periphery underlying the B-cell infiltrate (g. 20x); however, only a small, atretic resid-
uum of the colonized follicle is revealed with BCL6 (h. 20x) and CD10 staining (i. 20x)
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histologically indistinguishable from cutaneous lymphoid hyperplasia. There has
been some discussion as to whether all PCMZL are bona fide lymphomas or if, in
some instances, they represent an indolent clonal expansion of B-cells in the skin in
the setting of T-cell-mediated B-cell hyperplasia [23]. In keeping with this hypoth-
esis, clonal B-cells may comprise a small minority of the infiltrate in class-switched
PCMZL, which is enriched for T-cells and reactive germinal center follicles. The
clonal B-cells in both subtypes of PCMZL are small and can have variable mor-
phologies including monocytoid cells, cells with cleaved nuclei, and cells with
rounded nuclear contours. They may be cytomorphologically indistinguishable
from the accompanying lymphocytes, particularly when they comprise a minority
of the infiltrate.

Plasmacytic differentiation in PCMZL is highly variable, ranging from sparse
cells scattered around the periphery of lymphoid nodules to lymphomas with exclu-
sive plasmacytoid differentiation. The latter has previously been referred to as
immunocytoma [24]. Plasma cell cytologic atypia, including binucleated cells and
Dutcher bodies, can be prevalent and may serve as a clue to the diagnosis of lym-
phoma. Immunohistochemistry and in situ hybridization can demonstrate light
chain restriction in cases with significant plasmacytic differentiation (Fig. 3.1b, c).
This method offers greater sensitivity for establishing clonality in PCMZL than IgH
clonality studies using PCR-capillary gel electrophoresis [11, 25]. In very rare
reports, PCMZL has undergone transformation to an aggressive lymphoma charac-
terized by blastic cytomorphology, [26] although blastoid features present in
PCMZL at disease onset do not always portend aggressive behavior [27].

Ancillary Studies

As previously mentioned, there is ongoing discussion as to whether a majority of
PCMZL, in light of their excellent clinical outcomes, represent a benign clonal
B-cell expansion as opposed to a bona fide lymphoma [23, 28, 29]. Aiding this
hypothesis is the observation that B-cell clonality has been well-documented in the
setting of cutaneous lymphoid hyperplasias [30, 31]. Nonetheless, the presence of
rare chromosomal translocations [32, 33] and FAS gene alterations [34] in a subset
of PCMZL strongly supports a neoplastic origin for at least a minority of cases, as
do exceedingly rare and exceptional reports of PCMZL progressing to an aggressive
disease. Nonetheless, it is well-established that peripheral lymphomas can evolve in
the setting of various inflammatory milieus. It is therefore not surprising that biop-
sies of developing lesions sometimes reveal histomorphologic findings that are diag-
nostically equivocal. From a strict nosological perspective, there is no single
consensus on what diagnoses these borderline cases should receive or on which
histologic features predict persistent growth and local recurrence. However, an
unequivocal lymphoma diagnosis may provoke significant patient anxiety, even in
cases where the clinical management would not differ significantly for a patient with
a firm histologic diagnosis of unilesional PCMZL versus a provisional diagnosis of
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cutaneous lymphoid hyperplasia with mention of features equivocal for an evolving
PCMZL. Contrasting with these borderline cases, lesions of PCMZL that are diag-
nostically straightforward from a clinical and histopathologic perspective should be
carefully distinguished from PCFCL and from cutaneous dissemination of extracu-
taneous lymphomas, particularly marginal zone lymphoma, chronic lymphocytic
leukemia/small cell lymphoma, and mantle cell lymphoma.

The basic, nonspecific mature B-cell immunophenotype of PCMZL (BCL2+,
BCL6-, CD10-) distinguishes PCMZL from PCFCL; however it cannot distinguish
PCMZL from cutaneous lymphoid hyperplasia and other indolent T-cell-rich lym-
phoid processes. In contrast with extracutaneous marginal zone lymphomas, a num-
ber of PCMZL have been shown to be CD43 negative [35]. The marker may be
especially challenging to interpret in cases of PCMZL and cutaneous lymphoid
hyperplasia where CD43-positive T-cells predominate. The distinction between
PCMZL and cutaneous lymphoid hyperplasia cannot always be made on histologic
grounds; however, clues to a PCMZL diagnosis include dense, diffuse sheets of
monotonous lymphocytes, colonization of germinal center follicles by a monomor-
phous B-cell infiltrate (Fig. 3.1d-i), cases demonstrating a light chain-restricted
plasma cell population, the presence of cytomorphologically abnormal plasma cells,
and lesions that show extensive plasmacytic differentiation. PCMZLs with exten-
sive plasmacytic differentiation will often show decreased or absent CD20 expres-
sion but express other mature B-cell markers, including CD79a and CD19 [36].
Many of these cases express the IgG4 isotype, which is true of a majority of class-
switched PCMZL; however, IgG4 expression should not be used in isolation to
exclude the possibility of an extracutaneous lymphoma secondary involving the
skin [37, 38]. CD5 is negative in PCMZL, except in exceedingly rare reported cases
of transformed blastic PCMZL. It is therefore useful for distinguishing PCMZL
from chronic lymphocytic leukemia/small cell lymphoma (CLL/SLL) and mantle
cell lymphoma. It is particularly important to distinguish PCMZL from mantle cell
lymphoma given the propensity of the latter to behave aggressively. A majority of
mantle cell lymphomas also express Cyclin D1, which is neither expressed in
PCMZL nor in CLL/SLL. Sox11, which is positive in rare mantle cell lymphomas
lacking Cyclin D1 expression, may also be helpful for excluding the possibility of
mantle cell lymphoma, but staining should be interpreted with caution as reactivity
has been reported in a subset of marginal zone lymphomas of splenic origin [39]. In
contrast with diffuse large B-cell lymphoma, PCMZL is comprised of small,
mature-appearing lymphocytes and Ki-67 stains only a minority of nuclei.

Class-switched PCMZL, which can be particularly challenging if not impossible
to distinguish from cutaneous lymphoid hyperplasia both clinically and histologi-
cally (Fig. 3.2), frequently expresses IgG4, does not express CXCR3, and develops
in association with a T-cell helper type 2 microenvironment [8, 22, 37]. In contrast,
non-class-switched PCMZL expresses IgM and is CXCR3 positive in keeping with
their extracutaneous MALT lymphoma counterparts. Clinical correlations should be
sought in these cases in order to evaluate for the possibility of an extracutaneous
MALT lymphoma secondarily involving the skin. While routine histomorphologic
features may not permit for this distinction, the translocations’ characteristic of
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Fig. 3.2 Benign mimics of lymphoma. Pseudolymphomatous folliculitis can extend deep to the
subcutis mimicking lymphoma; however, the inflammation often conforms to the shape of a hair
follicle and surrounds adnexa while sparing the intervening dermal interstitium (a. 20x). The infil-
trate is comprised of small, mature-appearing lymphocytes (b. 200x). Cutaneous lymphoid hyper-
plasia can exhibit variably sized and shaped germinal center follicles that mimic the appearance of
lymphoma. Note that the follicles in this example involve only the superficial to mid-reticular
dermis (c. 20x). Furthermore, a prominent mantle zone surrounds the follicle (d. 200x). Numerous
tingible body macrophages are present in the germinal center in association with centrocytes and
centroblasts (e. 400x). Ki-67 labels a majority of the germinal center B-cells with obvious polar-
ization (f. 20x)

extracutaneous MALT lymphomas has a significantly lower prevalence in
PCMZL. For instance, t(14;18)(q32;q31) is present in only 15% of PCMZL, [33,
40] and t(3;14)(p14.1;q32), which has a higher prevalence in thyroidal MALT lym-
phomas, is present in 10% of PCMZL [32].

Rare B-cell lymphomas exhibit epidermotropism with single cells. Many
reported examples have an immunophenotype that is compatible with PCMZL,
and interestingly, several of these rare patients share a distinct clinical presenta-
tion of recurrent crops of pink, variably pruritic papules on their torsos and
extremities. Extracutaneous involvement has been documented, but these rare
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cases have been associated with excellent survival approaching that of
PCMZL. Some of the patients in this unusual subgroup of lymphomas have had
clinical findings that could support a clinical diagnosis of splenic diffuse red pulp
small B-cell lymphoma, including splenomegaly and bone marrow involvement at
the time of diagnosis [41, 42]. Other patients have had no evidence of extracutane-
ous involvement at the time of diagnosis, supporting the idea that these cases
represent a novel, de novo primary cutaneous lymphoma [43]. It has not been
established whether epidermotropic B-cell lymphomas represent a heterogeneous
group of lymphomas or a lymphoma with a propensity to involve the skin, spleen,
and marrow in varying proportions. The nosological distinction may be an aca-
demic one since each patient with an epidermotropic B-cell infiltrate requires a
comprehensive clinical evaluation for systemic disease. However, the indolent
behavior of these unusual entities to date suggests that aggressive management
may be unnecessary. Importantly, the clinical presentation and gross morphology
of all epidermotropic B-cell lymphomas reported to date have been distinct from
that of mycosis fungoides, a T-cell disease comprising the majority of cutaneous
lymphomas. Although myriad clinical variants are described, mycosis fungoides
generally manifests as erythematous patches with scale and arises in a photopro-
tected anatomic distribution. While there are rare reports of mycosis fungoides
exhibiting aberrant CD20 expression, the aforementioned clinical morphology
that characterizes mycosis fungoides would cast doubt on a diagnosis of B-cell
lymphoma. The pattern of single cell epidermal infiltration described in epidermo-
tropic B-cell lymphomas is also distinct from the intraepidermal lymphoid aggre-
gates that characterize developed lesions of mycosis fungoides. Additional mature
T-cell and B-cell markers should be used to confirm the lineage if there is any
diagnostic uncertainty [44].

Lastly, a subset of posttransplant lymphoproliferative disease (PTLD) can have
the appearance and phenotype of PCMZL. In contrast with conventional PCMZL,
however, they are EBER positive, and a majority of these rare reported cases are
IgA positive [45]. Additional EBV-positive PCMZL has been documented in the
settings of congenital immunodeficiency, immunosuppression, and immunosenes-
cence in patients of advanced aged [46].

Primary Cutaneous Follicle Center Lymphoma

Primary cutaneous follicle center lymphoma (PCFCL) is the most common PCBCL
comprising 60% of lymphomas in the category [2]. Male patients outnumber female
patients with a median age of onset of 50 years [2]. Clinically, PCFCL presents as
slow-growing, smooth red-to-violaceous nodules with a tendency to arise on the
head and neck, trunk, and upper extremities [2, 47, 48]. Although 80% of patients
have multiple discrete lesions at the time of diagnosis, disease is generally localized
[2, 47, 48]. Prognosis is excellent with posttreatment survival approaching 99% [2].
Wide cutaneous dissemination would suggest an alternative diagnosis. A minority
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of patients present with large infiltrated papules and plaques on their back, and
another small subset present with agminated miliary papules; however, these clini-
cal variants do not influence prognosis [47, 49, 50]. Despite the overall indolent
behavior associated with PCFCL, persistent local growth is common, and relapse
occurs in a third of patients. Extracutaneous spread is rare and would raise alterna-
tive consideration for a diagnosis of follicular lymphoma secondarily involving the
skin [2]. Prognosis is independent of disease multifocality with one critically impor-
tant exception: PCFCL localized to the leg is associated with a marked decreased in
survival approaching that of PCDLBCL-LT [47].

Since PCFCL and follicular lymphomas of nodal origin show substantial clini-
cal, histologic, and immunophenotypic overlap in the skin, NCCN guidelines indi-
cate that patients receiving a putative histologic diagnosis of PCMZL should be
screened for extracutaneous disease with a workup that includes physical examina-
tion, complete blood count with differential, comprehensive metabolic panel, lac-
tate dehydrogenase, and CT chest/abdomen/pelvis with contrast [21]. Treatment
options for PCFCL are similar to those of PCMZL.

Histomorphology

Two predominant architectural patterns attributable to PCFCL are irregular, over-
lapping nodules that recapitulate germinal center follicles and diffuse sheets of cells
with a germinal center phenotype. These patterns can be combined in a single
lesion. PCFCL spares the epidermis, fills the dermis, and regularly extends to the
subcutis. The lesional B-cells are medium-sized and resemble centrocytes and cen-
troblasts that comprise benign germinal center follicles. In contrast with benign
follicles, the follicular structures of PCFCL show a loss of polarization, an absence
of tingible body macrophages, underdeveloped or absent mantle zones, and exten-
sion of neoplastic cells beyond the borders of the underpinning follicular dendritic
cell networks. Neoplastic B-cells resemble cleaved centrocytes with a widely vari-
able number of accompanying centroblasts that predominate in some cases
(Fig. 3.3a—c). In contrast with nodal follicular lymphomas, however, PCFCL is not
assigned a histologic grade regardless of architecture and cytomorphology [47].
Nonetheless, dense sheets of centroblasts without smaller accompanying lympho-
cytes, the presence of immunoblasts, significant cytologic atypia, prominent mitotic
activity, and single cell necrosis are features that would challenge a diagnosis of
PCFCL and raise histologic consideration for diffuse large B-cell lymphoma.
PCFCL with a preponderance of centroblasts generally has small accompanying
lymphocytes in contrast with the monomorphous infiltrates of PCDLBCL-LT. Dermal
sclerosis is also commonly identified in PCFCL and is less often reported in diffuse
large B-cell lymphomas. Rarely PCFCL demonstrates bizarre Reed-Sternberg-like
cells [51, 52] or a sarcomatoid appearance with spindled B-cells dissecting through
the dermal interstitium; however, these cytomorphologic variations have not been
shown to effect prognosis [53-56].
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Fig. 3.3 Primary cutaneous follicle center lymphoma. Variably sized intradermal and subcutane-
ous nodules recapitulating germinal center follicles (a. 10x). However, these abnormal follicles
lack polarity and mantle zones (b. 100x). Enlarged, neoplastic centrocytes with cleaved nuclei and
scattered centroblasts with conspicuous nucleoli are present, and there is a relative paucity of tin-
gible body macrophages (c. 400x). The lymphoma cells are BCL2-negative (d. 100x), BCL6-
positive (e. 100x), and weakly CD10-positive (f. 100x)

Ancillary Studies

The three most common diagnostic conundrums entail distinguishing PCFCL from
cutaneous lymphoid hyperplasias, distinguishing PCFCL from follicular lympho-
mas of nodal origin that secondarily involve the skin, and distinguishing PCFCL
from diffuse large B-cell lymphomas. All cases of PCFCL express germinal center
follicle markers, definitionally BCL6 with varied and heterogeneous coexpression
of CD10 (Fig. 3.3d—f). In contrast with follicular lymphoma, however, PCFCL is
more likely to be CD10 negative, particularly in cases with diffuse architecture [9,
47]. When the diagnosis is in question, it may be helpful to incorporate additional
germinal center follicle markers to aid in diagnosis. In order of decreasing sensitiv-
ity, these markers include STMNI1, LMO2, HGAL, and AID [57]. BCL2 can be
positive or negative in PCFCL and therefore cannot reliably distinguish PCFCL
from nodal follicular lymphoma. Mutually exclusive rearrangements involving
BCL2 and loss of 1p36 can be identified in both of these lymphomas, albeit the
prevalence is reportedly lower in PCFCL [58, 59]. While the majority of follicular
lymphomas have an associated t(14;18)(IGH;BCL2), data are conflicting on its
prevalence in PCFCL, reportedly ranging from 0% to 51% [60—63]. Variation may
reflect different methods used for detection. The presence of this translocation in
PCFCL has been shown to correlate with BCL2 expression by immunohistochem-
istry, which is often faint in contrast with stronger expression evident in follicular
lymphomas that secondarily involve the skin [61-63]. Limited data suggest that the
detection of t(14;18)(IGH;BCL2) in a case of suspected PCFCL does not indicate a
worse prognosis; however, its presence in a cutaneous lymphoid infiltrate showing
strong CD10 and BCL2 coexpression should prompt consideration for clinically
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occult nodal disease [63]. Deletions of 1p36 involving the CD10 locus are common
in both PCFCL and follicular lymphoma and also should not be used to distinguish
them [58, 64, 65].

Cases of PCFCL with a predominance of large centrocytes generally have a simi-
lar excellent response to therapy and survival [66, 67]. However rare cases of
PCFCL can undergo transformation to an aggressive large cell phenotype [68].
Similarly, there are de novo primary cutaneous lymphomas that have features
ambiguous for PCFCL and PCDLBCL. Ki-67 expression is low in PCFCL, and
staining will reveal a loss of the germinal center polarization that is characteristic of
cutaneous lymphoid hyperplasias. By comparison, Ki-67 is markedly elevated in
diffuse large B-cell lymphomas, staining a majority of the lymphoma nuclei.
PCDLBCL-LT generally demonstrates an activated B-cell (ABC) phenotype with
expression of MUMI, FOX-P1, and IgM, which can be helpful for distinguishing it
from PCFCL with a preponderance of large cells. In contrast, fewer than 30% of the
B-cells comprising PCFCL express these markers [69, 70]. Kappa and lambda
stains or in situ hybridization is generally unhelpful in establishing a diagnosis of
PCFCL; however, IgH gene rearrangement studies can demonstrate clonality if nec-
essary. While clonality cannot reliably distinguish lymphoma from lymphoid hyper-
plasia, it could potentially aid in the comparison of a diffuse large B-cell lymphoma
to a prior or concomitant biopsy of PCFCL when transformation is suspected.

Primary Cutaneous Diffuse Large B-Cell Lymphoma,
Leg-Type

Primary cutaneous diffuse large B-cell lymphoma, leg type (PCDLBCL-LT), is an
aggressive malignancy that comprises slightly less than 20% of all PCBCL [2]. In
contrast with PCMZL and PCFCL, PCDLBCL-LT has a median age of onset in the
70s and a predilection to involve women on their lower extremities [2]. Clinically,
this lymphoma presents as large red-to-violaceous nodules. Despite its nomencla-
ture, 15% of cases arise on non-leg locations; however, a unifying feature is that a
majority of cases described manifest in the skin as a de novo lymphoma and share
an ABC phenotype [2, 48, 66]. Altogether, PCDLBCL-LT has a 5-year disease-
specific survival of 50%—70% [2]. Negative prognostic indicators include the pres-
ence of multiple lesions, age greater than 75 years, and leg involvement, which
alone is associated with a 5-year disease-specific survival of 43% owing to a higher
risk of extracutaneous dissemination [67]. Per NCCN guidelines, patients with a
new diagnosis of DLBCL involving the skin should be staged with PET-CT, bone
marrow biopsy, and peripheral blood flow cytometry in order to exclude the possi-
bility of secondary skin involvement by an extracutaneous lymphoma, which has a
higher incidence than PCDLBCL-LT, occurring in approximately 10% of patients
with extracutaneous DLBCL [68, 71]. Additionally, male patients should undergo
testicular ultrasonography since testicular DLBCL and PCDLBCL-LT are histo-
morphologically indistinguishable [72]. The mutational profile of PCDLBCL-LT
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overlaps with both testicular lymphoma and primary central nervous system lym-
phoma (PCNSL) [73]. The standard treatment includes rituximab, combination che-
motherapy, and radiotherapy [74-76]. Relapses and extracutaneous dissemination
of PCDLBCL-LT are common [2, 67].

Histomorphology

Sheets of large, often monomorphous lymphoid cells fill the dermis and can involve
the subcutis. The overlying epidermis is sometimes ulcerated. There are few to no
accompanying small lymphocytes and granulocytes, in contrast with cases of
PCFCL with a predominance of centroblasts and with other diffuse large B-cell
lymphoma subtypes. The cells comprising PCDLBCL-LT show an immunoblastic,
centroblastic, or mixed appearance with frequent mitoses.

Ancillary Studies

PCDLBCL-LT should be distinguished from PCFCL and extracutaneous large
B-cell lymphomas whenever possible. Some cutaneous large cell lymphomas lack
an ABC phenotype and present as sheets of monomorphous blasts including immu-
noblasts [77].

The majority of PCDLBCL-LT has an ABC phenotype demonstrable by gene
expression profiling [9, 78] and exhibits a corresponding immunophenotype
(MUM1+/BCL2+/CD10-). PCDLBCL-LT is further characterized by MYDS88
L265P mutations in 70% of cases [79-82]. Ki-67 highlights the vast preponder-
ance of lesional blasts (Fig. 3.4) in contrast with the relatively low percentage of
Ki-67-positive nuclei encountered in indolent PCBCL. PCDLBCL-LT com-
monly co-expresses BCL6. This marker is therefore of little diagnostic aid in
distinguishing PCDLBCL-LT from PCFCL and from extracutaneous diffuse
large B-cell lymphomas. FOX-P1, IgM, and p63-positivity in >30% of the lym-
phoid infiltrate can help distinguish PCDLBCL-LT from PCFCL with a prepon-
derance of large cells [69, 70]. CD21-positive follicular dendritic cell networks
are not present in PCDLBCL-LT. EBER in situ hybridization is negative in
PCDLBCL-LT and should be performed to exclude an Epstein-Barr virus-asso-
ciated DLBCL.

PCDLBCL-LT controlled for cases with an ABC phenotype has an exceedingly
low prevalence of MYC rearrangements. The rearrangement has been identified in
only 4.5% of such cases [78, 83-86]. Other studies permitting greater immunophe-
notypic variety for a diagnosis of PCDLBCL-LT have demonstrated MYC rear-
rangements in 32% of cases [87]. In general, MYC rearrangements are more
prevalent in diffuse large B-cell lymphomas exhibiting a GCB phenotype [88]. In
some case series, up to 10% of PCDLBCL-LT were described as lacking the
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Fig. 3.4 Diffuse large B-cell lymphoma, leg type. Sheets of lymphoid cells fill the reticular dermis
and spare the epidermis (a. 40x). A preponderance of enlarged lymphoid cells with prominent
central nucleoli crowds the dermis (b. 400x). The lymphoma cells express CD20 (c. 40x), Ki-67
(d. 40x), BCL2 (e. 40x), and MUM1 (f. 40x, inset 400x)

requisite BCL2 and MUMI expression to classify the lymphoma as ABC [2, 89,
90], and some cases of PCDLBCL with a BCL2-/BCL6+ immunophenotype behave
aggressively in keeping with their ABC counterparts. Thus, there is ongoing discus-
sion as to how these lymphomas are best classified [79]. In general, a diagnosis of
PCDLBCL-LT should be reconsidered when the infiltrate is polymorphous with
numerous accompanying small lymphocytes, an ABC immunophenotype cannot be
established, and no MYDS88 L265P mutation is identified [84, 91]. Reports of dou-
ble-hit translocations in PCDLBCL-LT are exceedingly rare in all studies regardless
of diagnostic criteria [87]. Loss of 9p21.3 including the CDKN2A locus is present
in 75% of cases [92-94]; however, this finding is identified in other diffuse large
B-cell lymphoma subtypes [95].

Other B-Cell Lymphoma that Involve Skin

Mantle cell lymphoma is an aggressive mature B-cell malignancy that occasionally
involves the skin [4, 96—-100]. As noted previously, there are exceptional reports of
cutaneous mantle cell lymphomas that initially manifest in the skin; however, these
lymphomas have a propensity for wide dissemination and poor outcomes [4, 101].
A majority of mantle cell lymphomas are characterized by the t(11;14)(q13;q32)
rearrangement involving CCNDI and IGH. These lymphomas generally express
Cyclin D1 by immunohistochemistry. The lymphoma comprises a monotonous infil-
trate of small to slightly enlarged lymphoid cells with mildly irregular nuclear con-
tours, coarse nuclear chromatin, small inconspicuous nucleoli, and little cytoplasm;
however, both the cytomorphology and architecture can vary in the skin. Centrocyte-
like, blastoid and pleomorphic cytomorphologic variants are known, and cases with
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diffuse, nodular and diffuse, and perivascular architectural patterns have been
described. A majority of mantle cell lymphomas express Cyclin D1, SOX11, FMC7,
and CD5 by immunohistochemistry, which can help distinguish them from PCMZL
and PCFCL. CD23 is negative, in contrast with CLL/SLL. CLL/SLL in the skin
often manifests as exaggerated host reactions to neoplasms, arthropod exposures,
and other inflammatory phenomena and infrequently as cutaneous plaques in asymp-
tomatic patients who lack a preceding diagnosis. There are exceptionally rare cases
of cutaneous CLL/SLL in patients with a normal peripheral blood count [102, 103].
Importantly, CLL/SLL can lack CD20 expression if the patient has been treated with
rituximab. Other mature B-cell markers, such as CD79a and CD19, should be con-
sidered to confirm B-cell origin. Otherwise, expression of CD5, CD23, and LEF1
and the absence of staining with Cyclin D1, SOX11, and germinal center follicle
markers help distinguish CLL/SLL from other mature B-cell lymphomas.

Precursor B-cell acute lymphoblastic leukemia/lymphoma (B-ALL/LBL)
expresses CD10, which is a potential diagnostic pitfall; however, it generally shows
aloss of CD20 in keeping with an immature B-cell phenotype. B-cell lineage can be
confirmed with CD79a, which is usually retrained. B-ALL/LBL also expresses
TDT. These markers should be considered to evaluate for any B-cell lymphoma
exhibiting a lymphoblastic appearance, particularly in pediatric and young adult
patients [104].
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Follicular and Mantle Cell Lymphomas:
Technical and Interpretive Considerations;
Karyotyping, FISH, Chromosomal
Microarray, Sequencing, B Cell Clonality,
Minimal Residual Disease

Eric Y. Loo

Introduction: Genetic Testing and Lymphomas

The abnormal genetic mechanisms underlying cancer biology provide fundamen-
tally important insights into disease development, behavior prognostication, and
means for targeted intervention. Follicular and mantle cell lymphomas each have
their own major oncogenic drivers, but they also have a fairly substantial array of
additional somatic mutations that contribute to disease pathobiology. If the various
site- and age-specific subtypes are included, the spectrum of genetic abnormalities
becomes quite considerable. Genetics as related to disease biology has been covered
in other chapters and will not be the primary focus here. Instead, this portion of the
text will focus on technical and interpretive considerations as related to the clinical
genetic testing of follicular and mantle cell lymphomas.

A tremendous amount of work has gone into clarifying the genetic determinants
of disease, and a large body of knowledge for lymphoma genetics has been accumu-
lated. However, genetic studies have become of secondary importance in the present
clinical workup of lymphomas. A definitive diagnosis can usually be rendered with
just the evaluation of the tumor’s microscopic appearance and confirmation of an
abnormal phenotype by flow cytometry and/or immunohistochemistry. If genetic
testing is ordered for a lymphoma, it is often after a diagnosis has been rendered and
only for a few select subtypes or for cases that have failed to respond well to con-
ventional therapies. In contrast, upfront genetic evaluation is standard for many
myeloid malignancies, often directly influencing the diagnosis, prognosis, and
therapy.
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That being said, the relatively recent proliferation in new testing modalities has
revitalized general interest in the genetic interrogation of lymphomas. Conventional
chromosome analysis and fluorescence in situ hybridization (FISH) still have a firm
role in the clinical laboratory. However, the additional genetic abnormalities that we
can now interrogate for necessitate a relational interpretation of many data points. A
“clear-cut” binary conclusion may be more difficult to attain, but determining the
genetic patterns driving an individual’s disease is the key to optimizing personalized
therapy.

Cytogenetic Methodologies

Technical Considerations
Conventional Chromosome Analysis

Conventional cytogenetic analysis, also generically referred to as “karyotyping”
(KT), is complex and technically demanding. A number of preanalytic variables
should be considered when negative karyotype results appear inconsistent with the
morphologic and clinical findings. A karyotype presents an overview of the whole
genome, typically by visual inspection of Giemsa-stained (so-called G-banded)
metaphase chromosomes. This testing methodology is useful for detecting struc-
tural and numerical chromosome aberrancies. However, the evaluation is “low-
resolution,” and an abnormality affecting at least five million base pairs is needed
to create a microscopically visible chromosome alteration. Smaller abnormalities,
such as gene sequence mutations or small insertions/deletions, would go
undetected.

Conventional cytogenetic analysis requires acquisition of mitotic cells from live
tissue culture; thus, adequate sampling and eliciting sufficient tumoral cell growth
are crucial for trustworthy results. Cultures should be processed as soon as possible,
ideally within 24 hours of collection. For blood and bone marrow, specimens are
collected into a “green-top” sodium heparin tube. Although “lavender-top™ tubes
are typically used for hematological testing, the EDTA anticoagulant used in these
containers inhibits growth in culture. Solid tissue biopsies should be collected into
a sterile container with enough cytogenetic culture media for complete sample sub-
mersion (multiple types are commercially available). Sterile saline is a suboptimal
choice, but is preferable to the tissue desiccation that would result from transport in
an otherwise empty sterile container. Wrapping a biopsy specimen in sterile gauze
is not helpful and will accelerate tissue desiccation and death. Exposure to any fixa-
tive solution, such as formalin, would preclude karyotyping studies. The serum in
blood and marrow is buffered, and these samples can be transported at room tem-
perature or above 4 °C. On the other hand, soft-tissue specimens should be trans-
ported on ice until culture set-up; this slows tissue-degrading enzyme activity and
microbial growth.
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It is critically important to inform the laboratory if there is clinical concern for
lymphoma. Tissues require different environmental conditions for optimal growth
in culture. Many lymphomas have a low mitotic index and tend to produce poor-
quality metaphases; thus, special processing is needed to optimize chromosome
preparation. Multiple cultures with different harvest dates are typically set up for
suspected lymphomas, including unstimulated and B-cell mitogen-stimulated
arrangements. A suboptimal culture set-up can result in false negative results due to
lack of neoplastic cell growth or overgrowth of background normal cells.

Fluorescence In Situ Hybridization (FISH)

FISH analysis is carried out by hybridizing fluorescently labeled DNA probes to
interphase or metaphase cells and subsequently evaluating the signal pattern by
fluorescence microscopy. This methodology is ideally used in conjunction with
chromosome analysis when genetic studies are indicated. The main benefit of FISH
is that it can be performed on interphase cells in both live and preserved tissue; live
mitotic cells are not required for analysis. In addition, FISH studies are semi-
quantitative in that a percentage of abnormal cells is reported from 200 or more
evaluated nuclei and often have better turnaround times when compared to conven-
tional chromosome analysis. The key limitation is that this modality is targeted,
utilizing specific pre-selected probes against rearrangements or aneuploidy that are
thought to have relevance for the disease entity.

FISH can be applied to a wide range of cellular preparations such as fresh or
cultured cells, banded slides, air-dried blood or marrow smears, and frozen or
paraffin-embedded tissues sections. Although formalin fixation does not preclude
FISH analysis, exposure to other chemicals during tissue processing may damage
nucleic acids and be prohibitive for FISH. Common examples include alternative
zinc- or mercury-based tissue fixatives and many decalcification solutions. EDTA is
the only acceptable agent that can be used when both decalcification and genetic
studies are necessary for a biopsy sample. However, the rate of EDTA decalcifica-
tion is slow and will usually delay specimen processing.

Although FISH is typically not ordered in the workup of low-grade follicular
lymphoma, probes to confirm /GH/BCL?2 fusion and other BCL2 gene rearrange-
ments are commonly available. In cases of de novo high-grade B-cell lymphoma or
concern for high-grade transformation of follicular lymphoma, FISH panels to eval-
uate for rearrangements involving the MYC, BCL2, and BCL6 are commonly used.
Pathologic breakpoints affecting the MYC gene are widely distributed and may
potentially be missed depending on the sites of probe coverage. FISH studies may
also be used to evaluate for IRF4/DUPS22 rearrangement, an abnormality seen in
the uncommon “large B-cell lymphoma with /RF4 rearrangement” that is more
common in younger patients and has morphologic similarities to high-grade follicu-
lar lymphoma and pediatric-type follicular lymphoma [1].

FISH probes for t(11;14)(q13;q32) are available, but testing is typically not
required in the histologic workup of mantle cell lymphoma. However, probes to
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evaluate for the CCND1/IGH rearrangement are commonly included in FISH pan-
els for chronic lymphocytic leukemia to exclude the rare cases of mantle cell lym-
phoma with a leukemic presentation. A subset of the rare t(11;14)-negative mantle
cell lymphomas have reportedly been found to carry CCND?2 translocations, and
commercial FISH probes are available for clinical application.

Chromosomal Microarray

Chromosomal microarray analysis is a molecular cytogenetic method used to scan
whole genomes for copy number variations, and the relative ploidy level of the test
sample DNA is compared to a reference sample or reference DNA database.
Compared to G-banded chromosome analysis, no cell cultures are needed, and the
resolution for detection of copy number abnormalities is improved. Differing from
FISH analysis, probe selection is not an issue, and no prior knowledge of a chromo-
somal aberration is required. The limitations of microarray testing will vary with the
methodology used. The average resolution of the technology will range from tens to
hundreds of kilobases and thus will not detect small sequence variants or indels
within a single gene, and arrays are not well suited for the detection of balanced
chromosomal rearrangements. Low-level mosaicism below 20-25% may not be
detected. Tetraploidy and copy number aberrancies in regions that are not repre-
sented on the platform cannot be detected.

The main types of analyses in clinical use are array-based comparative genomic
hybridization (aCGH) and single nucleotide polymorphism (SNP) arrays. While
both will detect copy number changes, SNP arrays will also detect copy-neutral
changes including loss of heterozygosity (LOH), uniparental disomy, and identity
by descent. In aCGH, patient/tumor and reference DNA are labeled with green and
red fluorochromes, reference DNA is fixed to a microarray grid to which patient
DNA is hybridized, and the array is analyzed with software to determine differences
in copy number as reflected by differences in green and red fluorescence intensity.
Reference/control DNA is not used in SNP arrays; rather, hundreds of thousands of
allele-specific oligonucleotide SNP probes are fixed within a microarray grid,
patient DNA is hybridized to the probes, various methods employing fluorescence
are used to identify binding, and fluorescent intensity is evaluated. There are two
types of graphical data generated by the SNP array software. First is the log R ratio,
which normalizes the total signal intensities to identify copy number changes. Each
SNP locus usually will have two alleles, and the second graph plots the allelic inten-
sity ratios for all individual loci.

The care provider ordering microarrays for oncology must be very mindful of
preanalytic specimen limitations. Typically these assays will be performed on tumor
DNA isolated from formalin-fixed paraffin-embedded (FFPE) tissues. The FFPE
tissue blocks used for study must have a minimum of 25% tumor (by number of
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nuclei), but should ideally contain >50% tumor content given the poor reproduc-
ibility of tumor estimates in clinical practice [2, 3]. If the corresponding H&E tissue
section indicates <50% tumor content, microdissection may be attempted to bolster
the proportion of neoplastic cells. The risk of false negative results is significant if
estimated tumor proportions drop below 25%, and mosaic populations or subclonal
heterogeneity may not be detected. As with other genetic studies, tissues fixed in
heavy-metal fixatives or status-post decalcification are not acceptable. Highly pro-
liferative tumors may also suffer from coagulative necrosis with degradation of
nucleic acids. Correct specimen selection has critical implications for downstream
testing; thus, this aspect of testing should be performed by a pathologist that is
familiar with cytogenomic testing techniques.

As long as the proportion of tumor cells in the analyzed sample is sufficiently
high, copy number variants and losses or gains of heterozygosity are readily detect-
able. Copy-neutral LOH will generally be due to monoallelic deletions, with the lost
segment being replaced by the same region of its homologous chromosome [4, 5].
Consequences of losing one allele and duplication of a remaining mutated allele are
functionally similar to a homozygous mutation. Copy-neutral LOH is a recurrent
event in lymphomas and may affect a variety of genes, including tumor suppressors
like TP53 [6]. However, determination of pathologic significance may be difficult as
multiple gene may localize to an aneuploid gene region. Interpretation of complex
chromosomal changes is a recurring dilemma in both traditional karyotyping stud-
ies and microarray analysis. Many aberrations found by microarray may be unique
to a particular case and not a recurring disease-related change. These one-off copy
number variants of uncertain clinical significance are found with higher frequency
using microarray when compared to conventional cytogenetics and pose a signifi-
cant interpretive challenge (Fig. 4.1).

Polyploidy Aneuploidy Balanced Unbalanced Insertion / Mosaic / Loss of
translocation translocation Deletions Heterogeneity heterozygosity

M bt 1

Both paternal v
maternal

Technique  Resolution ppropriate for Detecti

Karyotype >5Mb + + + = 4 = + - + -
FISH 50 kb 4 N 4 4 " 4 _
CGH array 100 kb - + - + + + - -

SNP array 10-20 kb - + - + + ¥ +

Fig. 4.1 Suitability of different cytogenetic techniques in relation of abnormality type: (+) indi-
cates that the abnormality should be detected, (—) indicates that the abnormality would likely be
missed, and (+/—) indicates that the abnormality may be detected (karyotype, if of sufficient size;
CGH, additional studies may be needed). fDetection of abnormalities by interphase FISH is con-
tingent on probe selection
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Interpretive Considerations
Follicular Lymphoma

The cytogenetic characterization of lymphomas quickly proliferated after chromo-
somal banding techniques were introduced by Caspersson et al. in 1968 [7]. About
40 years ago in 1979, the t(14;18)(q32;q21) IGH/BCL2 translocation was discov-
ered [8, 9]. Although this genetic abnormality is classically taught and ascribed to
be associated with follicular lymphoma, in most cases it is not critical to make a
disease diagnosis. This is evidenced experientially by current medical practice;
karyotyping studies are uncommon in present-day lymphoma workups, and immu-
nophenotypic confirmation of a morphologic diagnosis usually renders genetic
evaluation for these rearrangements superfluous.

Although t(14;18)(q32;q21) is generally considered the genetic hallmark of fol-
licular lymphoma, it cannot be used to diagnose follicular lymphoma alone, it has
no correlation with clinical outcomes [10], and it must be interpreted in the context
of tumor histology. Somatically acquired IGH/BCL2 gene rearrangement is not
diagnostically specific and can also be found in 30% of diffuse large B-cell lympho-
mas, in many otherwise healthy older adults, and rarely in chronic lymphocytic
leukemia and other lymphoproliferative disorders [1, 11, 12]. The translocation is
more frequent in grade 1 to 2 follicular lymphoma than in grade 3 (particularly
grade 3B) and can be found in most cases of duodenal-type follicular lymphoma
[13, 14]. It is extremely rare in adolescent/childhood cases younger than 14 years
and pediatric-type follicular lymphoma and is uncommon in most cases of primary
cutaneous and non-cutaneous extranodal disease [1, 15, 16].

Additionally, the limited resolution of conventional cytogenetic analysis is
unable to distinguish molecularly distinct t(14;18) rearrangements that appear to be
cytogenetically identical. This issue is exemplified by the t(14;18)(q32;q21) result-
ing in an IGH/MALTI gene rearrangement, an abnormality found in extranodal
marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT) [1]. Both
BCL2 and the MALTI genes are found within the 18q21 chromosomal band, and
higher-resolution FISH or molecular methods of assessment would be required to
differentiate these rearrangements. Though there are multiple molecular methods
that can detect BCL2 translocations, FISH remains a robust and the most widely
used method of assessment [17].

In follicular lymphoma cases that are negative for the classic t(14;18) IGH/BCL2
rearrangement, complex/variant IGH/BCL2 translocations and BCL2 rearrange-
ments with genes other than /GH have been described. Some of these variants may
be cryptic to conventional G-banded chromosome and PCR analysis but detectable
by FISH [18]. Translocations involving the immunoglobulin light chains genes have
been described as notable non-IGH fusion partners. These appear to primarily
involve the 5’ end of BCL2, similar to Ig light chain/MYC translocations, and may
also be seen in other non-Hodgkin B-cell lymphomas [18-20]. Immunoglobulin
light chain rearrangements are rare, and the clinical implications are not clearly
defined. BCL6 at 3q27 is the only other gene that is recognized to have recurrent
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translocations in follicular lymphoma. These are found in 5—15% of follicular lym-
phomas and have significantly higher prevalence in grade 3B cases [21, 22]. BCL6
rearrangements are not diagnostically specific for follicular lymphoma and may be
found in 15-30% of de novo diffuse large B-cell lymphomas [1]. BCL2 and BCL6
gene rearrangements are not mutually exclusive; translocation of both genes may be
found in around 10% of cases, but this finding is of uncertain clinical signifi-
cance [23].

Translocations involving the MYC gene at 8q24 may rarely be found at the time
of diagnosis in follicular lymphoma, but it is not considered to be primary driver of
pathogenesis. However, rearrangements of MYC are often found in follicular lym-
phoma as a secondary abnormality at disease progression [24]. MYC gene rear-
rangements may involve IGH, as well as Ig light chains /GK and IGL; thus, MYC
break-apart probe FISH studies are typically performed along with MYC/IGH rear-
rangement probes. Other genetic alterations that have been associated with high-
grade transformation include alterations of DNA damage response through loss of
CDKN2A/B and TP53 [25]. Rearrangement at chromosomal bands 1q21-23 has also
been described in a subset of follicular lymphoma during disease progression, and
the FCGR2B gene is affected in cases with t(1;22)(q22;q11) [26], FCGR2B encodes
the IgG Fc receptor, and aberrancies likely contribute to progression through resul-
tant deregulation of B-cell proliferation.

Overt follicular lymphoma appears to arise from a clonally related follicular
lymphoma in situ, and the in situ lesion generally has no or few secondary copy
number alterations when evaluated by CGH and lower levels of DNA methylation
in genes recurrently methylated in overt lymphoma [27]. Thus, the t(14;18) rear-
rangement is often viewed as a founding aberrancy, and subsequent acquisition of
various potential driver abnormalities results in the progression of an in situ lesion
to fully manifested lymphoma. The interpretation of karyotypic abnormalities can
be daunting; about 90-95% of follicular lymphomas will carry other genetic aber-
rancies in addition to the t(14;18) translocation, and most will have complex karyo-
types with an average of about five other genetic abnormalities [1, 28]. Cases with
dysregulation of CDKN2A/B and/or TP53 will typically have even greater chromo-
somal complexity, averaging ten chromosomal abnormalities in addition to t(14;18)
on karyotype and twice as many copy number aberrancies when interrogated by
chromosomal microarray [25, 28]. Additionally, an established follicular lymphoma
clone often shows parallel evolution of subclonal neoplastic populations. d’ Amore
et al. found divergence of genetic aberrancies in 26% of the same and 63% of
sequential biopsies with follicular lymphoma [29]. As the genetic profile of the
dominant clone may change over time, it may be helpful to assess the disease genet-
ics periodically, rather than only at the time of diagnosis.

Common karyotypic abnormalities include rearrangements involving chromo-
somes 1, 2,4, 5, 13, and 17; gains of chromosomes X, 1, 3q27, 6p, 7, 8, 12q, and
18q; and losses of 1p, 6q 10q, and 17p [1, 10, 28, 29]. While the t(14;18) rearrange-
ment does not correlate with clinical outcomes, some associations have been found
with other karyotypic abnormalities in follicular lymphoma. Patients with deletions
of chromosome regions 1p21-22, 6q23-26, or 17p and gains of 5, 12, 18q, 19, 20,
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and 21 have been found to have significantly shorter survival [10, 29-32]. Gains in
the X chromosome in male patients have also been correlated with worse overall
survival [28]. Microarray studies have confirmed recurrent copy number aberran-
cies in many of the chromosomal regions with imbalances on karyotype, but gener-
ally with much higher sensitivity [33]. Microarray work has also revealed that
deletions of chromosomal regions 1p36.22-p36.33 and 6q21-q24.3 are significant
prognostic markers for disease transformation, independent of the international
prognostic index (IPI) score [33]. No single event appears to be linked to aggressive
lymphoma transformation in follicular lymphoma, and multiple routes within the
diverse mutational landscape appear possible [34].

Chromosome region 1p36 is a commonly affected region in all follicular lym-
phomas. When analyzed by chromosomal microarray, loss of heterozygosity at
1p36.32 through deletion or acquired uniparental disomy may be found in about
25-50% of all cases, representing the most common secondary cytogenetic event
in follicular lymphoma overall [35, 36]. A number of studies have associated
deletion 1p36 loss with predisposition to high-grade transformation with high
proliferation rates [33, 37, 38]. A number of candidate genes reside in this area
including TNFRSF9/14/18/25 genes (members of the tumor necrosis factor
(TNF) receptor superfamily), CDK11B (aka CDC2LI, a cell cycle protein), and
PRDM16 (a zinc finger transcription factor) [33, 39]. Deletions of 1p36 have
also been described as a recurrent finding in a subset of low-grade t(14;18)-
negative nodal follicular lymphomas with a predominantly diffuse growth pat-
tern [38]. This subset has been described as occurring more frequently in the
inguinal nodes, positive co-expression of CD23, a very favorable prognosis, and
frequent TNFRSF14, CREBBP, and STAT6 gene sequence mutations [40, 41].
Some other recurrent chromosomal alterations in this t(14;18)-negative subset
include gains of 1q, 2p, 3q, 6p, 9q, and 12q and losses in 4q, 11q, and 16 [40].
1p36 deletion and co-occurring TNFRSF 14 mutations are also associated with
the development of a subgroup of primary cutaneous follicle-center lym-
phoma [42].

Chromosome 6q abnormalities may be found in multiple B-cell neoplasms,
including acute lymphoblastic leukemia, chronic lymphocytic leukemia, multiple
myeloma, and diffuse large B-cell lymphoma, with involvement of 6q23-26 seen
in 10-40% of B-cell lymphomas. Deletions in this region are a very common sec-
ondary abnormality in follicular lymphoma, are found by conventional chromo-
some analysis in 15% of cases and by microarray in about 30% of cases, and are
often associated with a worse overall prognosis [10, 30, 33, 36]. Multiple regions
in 6q may be deleted in follicular lymphoma, and specific loci with pathologic
significance are still unclear, though 6q16, 6q21, 6q23, and 6q25-27 have been
described as recurrent areas of interest [30, 33, 43]. TNFAIP3 and PERP localize
to 6g23 and have been implicated as genes of interest [33, 35]. TNFAIP3 encodes
a zinc finger protein and ubiquitin-editing enzyme that has been shown to inhibit
NF-kappa B activation as well as TNF-mediated apoptosis. The PERP gene, a
TP53 apoptosis effector, induces TP53-mediated apoptosis and loss could promote
tumor growth. Deletions at 6q25-27 and 6q21 were found in cases with and
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without t(14;18), loss of 6q23 was typically not found in conjunction with t(14;18),
and cases with loss of 6q21 have been found more often in cases with high-grade
morphology [30].

Mantle Cell Lymphoma

The t(11;14)(q13;q32) CCND1-IGH translocation is the genetic hallmark of mantle
cell lymphoma, first described by Van Den Berghe et al. about 40 years ago in 1979
[44]. The t(11;14) is much more specific, found in >95% of mantle cell lymphoma
cases, and is frequently used diagnostically if arising in the right clinical context [1].
Similar to the t(14;18) translocation, t(11;14) by itself is not diagnostically specific
and may be found in the context of multiple myeloma and rarely in other B-cell
neoplasms [45]. Additionally, t(11;14) is like t(14;18) in that it is a weak oncogene
that can be found in the blood of 1-2% of otherwise healthy persons and requires
additional oncogenic events to establish a fully manifested lymphoma [46—48].
Rare cases may have variant translocations of CCNDI with the immunoglobulin
light chain genes. The small subset (<5%) of cyclin D1 and t(11,14)-negative cases
overlap with conventional cases in morphology, phenotype, global gene expression
profile, and secondary genetic abnormalities, and the WHO has recognized these to
be the same disease entity [1, 49-51]. Many of these cases demonstrate high expres-
sion of cyclin D2 or D3, and some cases have been found to carry t(2;12)(p12;p13)
which fuses cyclin D2 to the IgK light chain locus [52].

Extensive genetic workups for mantle cell lymphoma are generally uncommon.
It is atypical in current clinical workflows for fresh tissue to be submitted for karyo-
typing studies, and in most cases, evaluation of morphology with immunohisto-
chemical confirmation is generally sufficient to make a disease diagnosis. In cases
with an unusual clinical presentation or immunophenotype, FISH studies are gener-
ally performed in an attempt to confirm presence of the t(11;14) translocation. This
is generally the extent to which most cases of mantle cell lymphoma are presently
genetically evaluated, but it certainly does not reflect the variety of aberrancies that
underlie the process of lymphomagenesis.

Mantle cell lymphoma has a high number of non-random secondary chromo-
somal imbalances, and this secondary genetic event profile is essentially indistin-
guishable between conventional and cyclin D1-negative cases [51]. Conventional
chromosome analysis will reveal secondary aberrations in about 60% of cases [53].
Common secondary abnormalities include gains of 3q26 (30-50% of cases), 7p21
(16-34%), 8q24 (16-36%), 12, and 15q and losses of 1p13-31 (29-52%), 6q23-27
(23-38%), 8p23-pter, 9p2l-pter (18-31%), 11q21-q23 (21-59%), 13ql1-13
(22-55%), 13q14-34 (43-51%), and 17p13 (21-45%) [1, 51, 54, 55]. High-level
amplifications with overexpression are found in 36% and have been described in a
variety of different regions; 11q13.3-q13.5, 13q31.3, and 18q21.33, which, respec-
tively, contain CCND1, MIR20A (aka C130rf25), and BCL2, have been described as
the most recurrently affected regions [56]. However, 8q24 (MYC), 10p12.2 (BMI1),
and 12q13 (CDK4) have also been reported as other commonly amplified regions
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[55, 57]. In addition to copy number aberrancies, copy-neutral loss of heterozygos-
ity can be found in up to about 60% of cases analyzed by SNP array, typically
involving regions where copy number losses are also found [1, 56, 58].

As secondary genetic aberrancies are not commonly evaluated, they are not gen-
erally used in prognosis calculations such as the mantle cell lymphoma international
prognostic index (MIPI) score. However, a number of these abnormalities have been
reported to correlate with clinical behavior, though not all appear independent of the
proliferative fraction. Abnormalities that seem to be independent and consistent
markers of adverse outcomes include increasing karyotypic complexity, gains of 3q,
losses of 9p (including CDKN2A gene locus), losses of 9q21—q32, gains of 12q, and
losses of 17p (TP53) [1, 51-55]. BCL6 gene rearrangements resulting in BCL6
expression have been described; this may potentially cause diagnostic confusion,
but does not appear to have prognostic significance [59]. MYC gene rearrangement
is extremely rare at time of diagnosis, but is associated with disease progression/
transformation and an aggressive clinical course [21, 60].

Some secondary genetic findings also appear to correlate with histologic find-
ings. Using array CGH, Bea et al. found that blastoid mantle cell lymphoma carried
a higher number of chromosomal imbalances, averaging 10.1 + 4.89 per case, ver-
sus a mean of 3.87 + 3.08 in classic morphologic subtypes [54]. Blastoid/pleomor-
phic variants also display a higher frequency of 1p and 17p deletions and 10p
alterations [53]. Additionally, 80% of the pleomorphic variant, 36% of the blastoid
variant, and <10% of conventional mantle cell lymphoma were found to demon-
strate a tetraploid chromosome compliment [61]. Secondary abnormalities that
were more often seen in leukemic presentations of mantle cell lymphoma included
deletions at 8p21.3 (including loss of TRAIL gene locus, TF-related apoptosis-
inducing ligand), gain of 8q24.1 (MYC gene locus), and deletions at 13q14; and
gains of 3q and losses of 10p and 17p were associated with a more marked leukocy-
tosis [55, 62, 63].

Molecular Methodologies

Technical Considerations
Biopsy Sample and Nucleic Acid Extraction

Although extremely versatile, the success of molecular diagnostic techniques
depends on multiple variables including specimen quality, ratio of tumor to non-
neoplastic cells, and also the quality and amount of nucleic acid required for the
assay in question. A wide variety of specimens are amenable to interrogation by
PCR-based molecular techniques including blood components, bone marrow,
body fluids, tissue biopsies/aspirates, and paraffin-embedded tissues treated with
select fixatives. Some laboratories may offer services to enrich tumor content,
through either microdissection of cytologic or histologic slide preparations,
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immunomagnetic cell separation, or other technologies. If molecular evaluation
must be delayed due to prior authorization or other reasons, DNA or RNA can be
effectively extracted, stabilized, and stored for later application.

The ordering physician should be cognizant of various issues that may limit a
biopsy sample’s testing utility. When liquid blood or marrow is submitted for tumor
analysis, ancillary test results (e.g., CBC with differential, bone marrow report, flow
cytometry results, etc.) should be cross-referenced to determine if the percent
involvement by neoplastic cells in the sample is appropriate for the desired assay’s
sensitivity limits. Formalin is the primary fixative used for most surgical pathology
applications, and formalin-fixed paraffin-embedded (FFPE) tissues are a primary
specimen type submitted for genetic workup of lymphoma. FFPE offers the advan-
tage of ready availability and straightforward assessment of tumor percentage.
However, formalin-related nucleic acid fragmentation and degradation can lead to
poor-quality unamplifiable DNA and/or RNA. Other factors which may affect
nucleic acid quality include prefixation ischemic time, length of exposure to fixa-
tive, and age of the archived paraffin-embedded tissue block. Lymphomas of high
histologic grade or increased proliferative capacity may often show regions of coag-
ulative necrosis, and this may be a particularly limiting factor in small biopsies.
While FFPE is generally acceptable for many clinical applications, it is generally
not acceptable for tests requiring long fragment sizes, and small needle biopsies
may suffer insufficient specimen quantity. Although RNA is less stable than DNA,
FFPE is generally still suitable for RNA-centered evaluations, such as PCR-based
detection of fusion genes [64].

When compared to general surgical pathology specimens, tissues for hemato-
pathologic workup are more often exposed to alternative chemical fixatives or sub-
strate modifying agents. Additives, such as mercury, zinc, or picric acid, have been
commonly used to enhance preservation of lymph node and marrow morphology.
However, these chemical additives render tissues unsuitable for molecular testing
though inhibition of PCR or degradation of nucleic acids [65]. Decalcification
agents used to process bone marrow core biopsies for histologic evaluation are typi-
cally strong acids, buffered acids, or calcium chelators combined with acids; and the
majority of these also degrade nucleic acids and render the tissue unsuitable for
molecular testing. The chelating agent ethylenediaminetetracetic acid (EDTA) is an
exception and is gentle enough to allow for molecular testing [66]. The EDTA
decalcification process is slow and may extend the processing time from hours to
days, but sonication may help to improve workflow [67]. Bone marrow clot sec-
tions, while frequently suboptimal for morphologic evaluation, are usually more
amenable than trephine sections for genetic testing.

Sequencing Technologies
The concept of DNA sequencing, identifying the nucleotide order in nucleic

acids, is straightforward. However, the existing methods for achieving desired
end-sequencing results are numerous, diverse in approach, and technically
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complex. In 1977, Frederick Sanger’s innovative dideoxynucleotide (ddNTP)
“chain-termination” technique allowed for the emergence of “first-generation”
sequencing, nowadays generally referred to as “Sanger sequencing” [68].
Originally dependent on manually reading band sequences in polyacrylamide
gels, this method was semi-automated through replacement of radiolabeling with
fluorophore-labeled ddNTPs and nucleotide fragment separation by capillary
electrophoresis. This technique is still used to interrogate single genes for sus-
pected point and insertion/deletion sequence variants, but the sensitivity of detec-
tion is relatively limited to a variant clone proportion of about 20% of the
interrogated DNA. Sanger sequencing is still used but faces diminishing clinical
applicability, as other more testing methods are available for targeted mutation
analysis (e.g., allelic discrimination assays, melt curve analysis, and digital drop-
let PCR, among many others).

In the late 1980s to 1990s, Pal Nyrén and colleagues pioneered the pyrosequenc-
ing technique, obtaining a nucleotide sequence in real time through DNA synthesis
and enzymatic luminescence [69, 70]. Pyrosequencing preceded “second-
generation” sequencing, which is also referred to as next-generation sequencing
(NGS) or massively parallel sequencing. Made possible only through technological
improvements in microfabrication and high-resolution imaging, NGS has been one
of the most disruptive technologic advances in molecular biology in the last few
decades. While there are differences between individual technologies, general steps
include:

e Library preparation: Sample preparation including nucleic acid fragmentation
and ligation of adaptor/barcode nucleotide sequences to the 5'- and 3'-fragment
ends. Adapters usually include universal priming sequences for amplification.

e Clonal amplification: Separation of library fragments in three-dimensional
space, allowing for amplification/identification of unique clonal PCR products
on a solid-phase substrate. Several million to billions of reaction foci are
sequenced per run.

* Sequence analysis: Each of the generated sequence reads from the amplification
step is bioinformatically processed for removal of low-quality reads, mapping to
a reference genome, and identification/annotation of sequence variants.

e Variant interpretation: Identified variants are evaluated for pathogenicity and
clinical implications.

No polymerase is perfect, and the clonal amplification step will introduce some
amplification-related sequence errors. Depending on the technologic platform,
sequencing error rates range from <0.01% to ~1%. There may be software-related
decreased sensitivity in the detection of large insertions/deletions, and some assays
may have decreased read accuracy in homopolymer tracts. Overall sensitivity for
detection of variants is generally better than Sanger sequencing, and the treating
physician can interrogate for multiple potential pathogenic mutations in one study.
Many “third-generation” sequencing platforms focus on single molecule analysis
and may bypass the clonal amplification step required for NGS, but these technolo-
gies still have limited clinical application and will not be discussed in further detail.
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While NGS is popularly associated with whole genome and whole exome
sequencing, many targeted “gene panel” assays are available for clinical oncologic
use. There is growing adoption and clinical utility of targeted NGS to identify
somatic mutations in lymphoma, and mutation profiling panels for various malig-
nant lymphomas are available. Copy number variations and translocations can be
difficult to reliably identify using NGS, but these abnormalities are being success-
fully included and studied in cancer panels [71, 72]. The technology also has numer-
ous other potential applications in the setting of lymphoma, including evaluation of
circulating cell-free DNA, clonality studies, IGH-V analysis, minimal residual dis-
ease evaluation, and others.

Immunoglobulin Gene Clonality Studies

B-cells undergo a somatic rearrangement of the immunoglobulin genes as a course
of normal development. This physiologic process provides a convenient means to
assess clonality status in mature B-cell populations. While histomorphology and
supporting immunophenotyping studies are typically sufficient to diagnose follicu-
lar or mantle cell lymphomas, molecular clonality studies may sometimes have util-
ity in the workup of suspected lymphoproliferations or to clarify associations
between phenotypically dissimilar lymphomas arising in one individual.

The current standard approach uses consensus primer sets for PCR amplification
targeting the V-region and J-regions of the immunoglobulin gene, followed by
amplicon fragment sizing by electrophoresis. Because each B-lymphocyte normally
harbors a unique immunoglobulin gene rearrangement, polyclonal lymphocyte pop-
ulations will yield multiple sized fragments in a normal/Gaussian distribution pat-
tern on a capillary electropherogram. A variety of different amplicon banding
patterns may arise in the setting of clonal or oligoclonal populations, but monoclo-
nal populations are typically acknowledged when one or two dominant peaks are
found to be significantly higher than the background peak pattern. Pattern interpre-
tation can be somewhat subjective, but guidelines to assist in the interpretation and
reporting of immunoglobulin clonality testing are readily available [73].

Studies targeting the /GH and sometimes the /GK loci are commonly available
tests in clinical molecular laboratories. The limit of detection for this type of analy-
sis is around 25% clonal B-cells in a background of polytypic mononuclear cells. A
few other factors may potentially impair the reliability of clonality detection if the
IGH locus is evaluated only. The primary causes of impairment include imprecise
annealing of consensus primers to all potential V and J segments and primer site
alterations incurred through somatic hypermutation in germinal center and post-
germinal center lymphomas. Evaluation of the /GH locus alone has been found to
lead to a high false negative rate of up to 30% depending on B-cell lymphoma type
[74, 75]. This phenomenon impacts cases of follicular lymphoma much more than
cases of mantle cell lymphoma. Theoretically, all mature B-cell malignancies will
have undergone rearrangement of /GK regardless of functional light chain expres-
sion. Thus, a strategy of combined evaluation of the IGH Vy-J; and IGK loci has
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been shown to have high clonality detection rates of about 98% overall [76]. It must
be noted that clonality studies cannot be used to assign lineage to a neoplastic lym-
phoproliferation. Co-existing clonal T-cell receptor gene rearrangements can be
detected in nearly 30% of mature B-cell malignancies, and cross-lineage Ig rear-
rangements can also be found in a minority of T-cell malignancies [74].

NGS technologies are currently being applied to immunoglobulin gene rear-
rangements for clonality assessment, and some “clonality by sequencing” assays
are clinically available [77-79]. Early comparative studies have shown >95% con-
cordance clonality results with capillary electrophoresis, and discordances appear to
be related to higher sensitivity/resolution associated with NGS testing with improved
detection in cases with high somatic hypermutation [78]. Having knowledge of the
clonal immunoglobulin gene sequence proffers additional potential clinical applica-
tions, such as assessment for minimal residual disease, determination of immuno-
globulin heavy chain variable region gene (Ig-Vy) usage, or possible tumor detection
through liquid biopsy evaluation of circulating tumor DNA.

Molecular Assessment of Classic Translocations

The t(14;18)(q32;q21) IGH/BCL2 and t(11;14)(q13;q32) CCND1/IGH transloca-
tions are considered the molecular hallmarks of follicular lymphoma (FL) and man-
tle cell lymphoma (MCL), respectively. Both of these translocations have been
thoroughly characterized at the molecular level. Although breakpoints may be dis-
persed over large genomic regions, the majority of translocations in the BCL2 and
CCNDI genes demonstrate regional clustering and may be amenable to PCR detec-
tion [80-83].

Most BCL2 translocation breakpoints associated with follicular lymphoma have
been found to localize to the 3’ region of the gene and cluster to three main locations
(Fig. 4.2) [84-86]. The major breakpoint region (MBR) accounts for about half of
all the translocation breaks and localizes to a ~175 bp area within the 3’ noncoding
region of exon 3. The two remaining named cluster regions are found in a ~29 kb
region adjacent centromerically to the MBR. The intermediate cluster region (ICR,

MCR ICR MBR
561 bp 105 bp 175 bp
~5% of breaks ~13% of breaks ~50% of breaks
3 5
Chr 18q —.—/,’ D = BCL2 exon 3
Centromere 1 | Telomere
29 kb region

Remaining breaks

Fig. 4.2 BCL?2 translocation breakpoint cluster map (not drawn to scale). MBR major breakpoint
region, ICR intermediate cluster region, MCR minor cluster region. Very rare 5" BCL2 breaks have
been reported in follicular lymphoma, but are not annotated here
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105 bp) and minor cluster region (MCR, 561 bp) account for ~13% and 5% of trans-
location breaks, respectively. The remaining BCL2 breakpoints are generally scat-
tered throughout this ~29 kb region. The /IGH gene breakpoints all fall within
Jy. Activation-induced cytidine deaminase (AID) functions physiologically to initi-
ate the processes of class switch recombination and somatic hypermutation, but has
been implicated in B-cell translocations. Breaks occur at the DNA sequence motifs
CG (CpG) or WGCW (where W = A or T), both of which are known AID targets.
Each of these sequence motifs in the described breakage zones is a hotspot for trans-
location [85].

Unlike the breaks associated with BCL2 translocations, most breaks associated
with CCND] rearrangements do not specifically cluster. Instead, most are distrib-
uted across a large ~344 kb region adjacent to the CCNDI gene (Fig. 4.3). A
“major translocation cluster” can be found within this region about 110 kb away
from the CCNDI gene. This cluster encompasses an area of ~150 bp and repre-
sents roughly 30% of the translocation breaks. The remaining 70% are widely
distributed throughout the surrounding ~344 kb territory [84, 87]. For mantle cell
lymphoma, the t(11;14) CCNDI rearrangement pairs to an IGH-J segment.
However, in some cases of B-NHL and in multiple myeloma, the translocations
have also been found to pair at IGH gamma switch regions [88]. About half of the
CCNDI breaks are found near AID sequence motifs; most are at CG (CpG)
motifs, while half of the remaining breaks are near WGCW. Breaks in at the CG
motifs are scattered on both sides of the major translocation cluster, whereas
WGCW motif breaks tend to occur telomeric to the major translocation cluster
[87]. While it may be somewhat surprising that AID targets CpG and WGCW
sites so distant from the CCND/ gene, around 10-20% of AID-dependent trans-
location hotspots appear intergenic [89]. While PCR may be acceptable for detec-
tion of most BCL2 translocations, it has generally been considered suboptimal for
t(11;14) translocations. Designing primers to cover randomly dispersed breaks
over hundred kilobases for conventional PCR analysis is generally untenable, but
newer methodologies and RNA-based NGS assays are being applied to bridge
this gap [90-92].

MTC
150 bp
~30% of breaks

crritg  ——Hmveoy ] E’V">"’_-
Centromere Telomere

\ J
Y

344 kb region
~70% of breaks

Fig. 4.3 CCNDI translocation breakpoint cluster map (not drawn to scale). MTC major transloca-
tion cluster



130 E. Y. Loo

Minimal Residual Disease Assessment

PCR testing for these fusions is not routinely ordered in the diagnostic workup of
either type of lymphoma. However, there has been a significant amount of recent
interest in using PCR-based testing for the detection of minimal residual disease
(MRD, also referred to as measurable residual disease). MRD assessment is routine
and standard of care for certain leukemias, but currently the application in solid
tissue-based lymphomas is still fairly novel. Current strategies are aimed at the
detection of circulating tumor cells or cell-free circulating tumor DNA (ctDNA).
ctDNA is nucleic acid that has been released into the blood by lymphoma cells dur-
ing necrosis or apoptosis.

Methods applied to the detection of MRD include flow cytometry, PCR and vari-
ants like digital droplet PCR (ddPCR), and NGS-based protocols. Flow cytometry-
based MRD detection limits range from 10~ to 1075, whereas real-time quantitative
PCR (RQ-PCR) techniques appear to have a limit of 1075 [93-96]. NGS-based
MRD assays offer the highest technical sensitivity at 107, contingent on DNA input
from three million bone marrow cells [97-99]. Flow cytometry and RQ-PCR may
be equally suited for MRD assessment in certain disorders such as chronic lympho-
cytic leukemia, but RQ-PCR and NGS-based analysis have been more broadly
applied techniques in the primarily solid tissue-based follicular and mantle cell lym-
phomas [100]. Furthermore, molecular methods do not require living/viable tissue
samples, workflow is more automated, and there is less inter-observer interpretive
variation. ddPCR is a newer highly sensitive high-throughput PCR technology that
allows for absolute quantification of genetic aberrancies, rather than the relative
quantification generated by RQ-PCR. While still not in wide clinical use, this tech-
nique has been demonstrated to detect relevant somatic mutations in ctDNA from
the blood of patients with diffuse large B-cell lymphoma (DLBCL) at a sensitivity
of 5 x 10~ and is being adapted for general use in mature lymphoproliferative dis-
orders (0.05%) [101, 102].

As mentioned previously, PCR-based assays will detect gene fusion products for
both the t(14;18)(q32;q21) and t(11;14) translocations in a significant minority of
otherwise healthy individuals [11, 48]. However, studies in follicular lymphoma
have found the incidence of non-neoplastic IGH/BCL2 rearrangements following
chemotherapy to be low, suggesting that that PCR positivity for t(14;18) in the post-
treatment setting has a prognostic role for follow-up care decisions [11]. Empirically,
early study results using consensus PCR to detect clonal t(14;18) translocation and/
or IGH clonality appear to track with treatment response to therapy and support the
use of MRD testing as an early predictor of survival in follicular and mantle cell
lymphomas [93, 94, 103-107].

When using RQ-PCR for MRD diagnostics, interrogating for translocation
fusion products is technically more straightforward than targeting the IGHV gene
to detect a persistent clone. The junctional regions for an individual lymphoma
clone would need to be identified before an RQ-PCR study could be designed for
MRD monitoring, and the degree or ongoing process of somatic hypermutation
within a clonal population (as is seen in some follicular lymphomas) could hamper
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accurate results [108, 109]. However, many of the technical RQ-PCR challenges
are negated by NGS-based methods, where clonality assessment is based upon the
actual nucleotide sequence. Immunoglobulin clones are considered malignant if
they demonstrate a frequency of >5% among all immunoglobulin sequences
derived from the lymphoma specimen, and NGS allows for the tracking of multiple
clonal populations. While immunoglobulin sequences are a fairly obvious target
choice, any tumor-specific ctDNA can potentially be used for MRD by NGS. In a
study of DLBCL, gene mutation panel-directed NGS studies were able to detect
ctDNA at the time of radiographic disease progression and before relapse in 73%.
Patients with ctDNA detected any time after remission had significantly worse
progression-free survival compared to ctDNA-negative patients [110]. MRD
assessment looks to be a highly relevant tool for discovering the presence of sub-
clinical disease in lymphoma. Although MRD-guided management protocols have
not yet been standardized, multiple options for measurement are available. A sum-
mary of strengths and weaknesses for selected MRD testing methods are found in
Table 4.1.

Table 4.1 Methods for MRD assessment in lymphoma

NGS NGS
Flow cytometry |RQ-PCR | ddPCR Ig/clonality Gene panel
Sample Fresh/viable Fresh or Fresh or FFPE | Fresh or FFPE | Fresh or
requirements | cells only FFPE tissue tissue FFPE tissue
tissue
Detection 10~*to 1073 103 103 10-° 10-°
limit
Availability Commercially Primarily | Primarily Commercially | Primarily
available, MRD | research research available research
flow not offered | setting setting setting
by all flow labs
Advantages More readily Well Absolute Reagents and | Generates
available than validated in | quantification | commercial kits | extensive
other methods mantle cell | of genetic readily genomic
lymphoma | lesion available information
Fast Can track
clonal
evolution
Disadvantages | Less sensitive Limited to | Multiplexing | MRD Sensitivity
Requires only a few | and assessment | evaluation limited by
circulating tumor | genetic of multiple requires panel size
cells lesions lesions may be | neoplastic and
Standardization | High level | limited sequence from | sequencing
between labs is | of expertise primary sample | depth
poor needed if Limited
targeting Ig detection if
Time-/ low allele
labor- frequency
intensive




132 E. Y. Loo
Interpretive Considerations

As discussed previously, the t(14;18) and t(11;14) rearrangements are viewed as
early aberrancies for the founding long-lived neoplastic clones that will develop
into follicular and mantle cell lymphomas. However, a person must subsequently
acquire various additional driver abnormalities for the “in situ” lesional cells to
become a fully manifested lymphoma. In addition to structural and copy number
aberrancies, the molecular profiling has added another layer of complexity to our
understanding of the mutational landscape (see Tables 4.2 and 4.3). The means by
which these variants drive pathogenesis have been described elsewhere in this book,
and the following sections will focus primarily on providing context to some vari-
ants as related to disease behavior.

Follicular Lymphoma

Sequence variants in epigenetic regulators are common, and the profile of recurring
aberrancies that occur early and late in disease development has been described.
Mutations affecting epigenetic regulators are common and are thought to be early
drivers of pathogenesis [111-114]. Multiple points in epigenetic regulation are hit,
including nucleosome remodelers in the SWI/SNF complex family, linker histone
H1 and H2 family genes, methyltransferases, and acetyltransferases. Over 70% of
cases will carry concurrent mutations in histone modifying enzymes such as
CREBBP, EZH2, MEF2B, and KMT2D; nearly a third show mutation of at least one
linker histone gene [111]. Genes in pathways in B-cell development and signaling
pathways that promote tumor cell survival, such as JAK-STAT and NF«xB, are also
recurrently affected.

Somatic mutations in KMT2D, CREBBP, EZH2, STAT6, and TNFRSF14 are
thought to represent early clonal events (“driver” mutations) and are longitudinally
stable across subclones with disease progression [111]. KMT2D, CREBBP, and
TNFRSF 14 often harbor compound heterozygous mutations paired with either dele-
tions or acquired uniparental disomy (aUPD), resulting in biallelic inactivation.
EPHA7, EP300, and MEF2B have also been proposed to be early driver genes [25,
115, 116]. Similar to what has been described cytogenetically, molecular character-
ization of follicular lymphoma shows subclonal evolution of genetically divergent
tumor populations with a shared set of founder mutations [29, 39, 111]. Variant
allele frequency discordance and their distribution between clones cannot be accu-
rately predicted by assessing clustering of variant frequencies from bulk tumor
alone [39].

No single genetic aberrancy acquisition has been found that drives transforma-
tion, but a variety of late “progressor” events have been described which may herald
the onset of aggressive disease. In general, the genetic landscape of high-grade or
aggressive transformation is more complex than the preceding indolent follicular
lymphoma, showing higher numbers of missense variants, small insertions and
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Table 4.2 Selected genetic abnormalities in follicular lymphoma

Cytogenetics
Frequency
Chr. region (%) Putative relevance
Translocation | BCL2 locus 85-90 t(14;18) is a “diagnostic hallmark,” few
cases may be negative, and there is no
prognostic relevance
BCL6 locus 45 Associated with high-grade histology
MYC locus <5 Poor prognosis, translocation associated
with transformation
Gains 5,12, 18q, 19,20, |- Shorter survival
and 21
8q24 (MYC) Amplification described as a late event
X - Shorter survival in men
Losses 1p21-22, 6q23-26, | — Shorter survival
or 17p
1p36.22-p36.33%, |- Associated with transformation, high
6q21-q24.3 proliferation; *1p36 deletion may be
favorable if the context of low-grade
t(14;18)-negative nodal follicular
lymphoma with predominantly diffuse
growth pattern
Molecular
Affected gene Frequency (%) | Putative relevance
Epigenetic KMT2D (MLL2) 85 Early clonal event, often compound
heterozygous with deletion or acquired
uniparental disomy (aUPD)
CREBBP 33 Early clonal event, often compound
heterozygous with deletion or alUPD
EP300 10 Possible early event
EZH?2 60 Early clonal event, amplification
described as a late event, may have
better prognosis vs wt-EZH?2 cases
MEF2B 15-20 -
ARIDIA 10-15 Good prognostic marker
HISTIHIC 5 -
HISTIHIE 15-20 -
Immune TNFRSF14 45-65 Early clonal event, often compound
modulation heterozygous with deletion or aUPD
B2M 10-15 Enriched in transformation
FAS (TNFRSF6) 5 Enriched in transformation
JAK-STAT SOCS1 5-10 -
STAT3 <5 -
STAT6 12 Early clonal event, may show slight

enrichment at transformation

(continued)
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Table 4.2 (continued)

BCR/NFkB CARDI11 11 -
signaling TNFAIP3 20 Late event, found with transformation
BCLI10 <5 -
CD79A <5 -
CD79B <5 -
PRKCB <5 -
PLCG2 <5 -
MYDS8S <5 Late event, found with transformation
Transcription | EBFI 10 Late event, found with transformation
factor IKZF3 <5 -
MEF2B 15 -
B-cell KLHL6 5 -
development
Tumor TP53 <5 Associated with transformation, lost in
suppressor 17p deletions
CDKN2A/B 5-10 Worse overall survival, may also be
methylated in ~20%
EPHA7 70 Often inactivating mutations, lost in 6q
deletions
IGHV V(H)5 subgroup 5-10 Adverse, worse 5-year survival
V(H)3-48 10 Adverse, increased risk for
transformation
>1 IGH-V <5 Adverse, worse 5-year survival
subgroup usage

deletions, copy number changes, and structural rearrangements. The majority of
cases with high-grade transformation contain late “progressor”-type mutations
showing hallmarks of AID-mediated aberrant somatic hypermutation [25, 117].
This is a mechanism of genetic instability resulting from abnormal activation of a
physiologic process that is ordinarily restricted to the germinal center. Prolonged
exposure of the early/founding clone to this potentially deleterious germinal center
reaction favors the accumulation of lesions.

Amplifications of EZH2, MDM2, MYC, and REL are reported to be enriched at
transformation [111]. Mutations in the transcription factor EBFI and various regu-
lators of the NFkB pathway (such as MYDS88 and TNFAIP3) have also been found
as late events associated with transformation [111]. Increased NFkB pathway acti-
vation is phenotypically reflected by IFR4 (MUM ) expression, which may explain
why IRF4 expression has separately been associated with shortened progression-
free survival [34, 118, 119]. Other secondary alterations associated with transfor-
mation and poor outcome include activating alterations of oncogenes such as MYC
and CCND3 and loss or inactivation of tumor suppressor genes such as TP53,
CDKN2A/B, and B2M [25, 34, 120].

NOTCHI1 and NOTCH2 mutations are relatively common in splenic marginal
zone lymphoma and can be found in other lymphoid neoplasms, but are found in
only ~5% of follicular lymphoma. However, when present in the setting of follicular
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Table 4.3 Selected genetic abnormalities in mantle cell lymphoma

Cytogenetics
Chr. region Frequency (%) | Putative relevance
Translocation CCNDI locus >95 t(11;14) is a “diagnostic hallmark,”
rare cases may be negative, and
there is no prognostic relevance
MYC locus Prognostically adverse
CCND2, CCND3 Rare May be found in rare t(11;14)-
negative cases, no prognostic
relevance
Gains 3q, 12q - Prognostically adverse
“Tetraploidy” - Associated with blastoid/
pleomorphic variants
Losses 9p (CDKN2A/B), - Prognostically adverse, blastoid/
9q21-q32, 17p pleomorphic variants have higher
(TP53) frequency of 9p and 17p loss
Molecular
Affected gene Frequency (%) | Putative relevance
Cell cycle CCNDI1 18-35 May decrease response to
ibrutinib, associated with higher
proliferation and worse outcomes
Epigenetic KMT2C (MLL3) ~16 -
KMT2D (MLL2) 10-20 -
NSD2 (WHSCI) 5-15 Possible correlation with shorter
survival
NFkB signaling | TRAF2 <10 -
BIRC3 5-10 May decrease response to ibrutinib
CARDI1 5 May decrease response to ibrutinib
and lenalidomide
Development/ NOTCH1I 5-15 More aggressive behavior, poor
homeostasis survival
NOTCH?2 ~5 More aggressive behavior, poor
survival
Ubiquitination | UBRS5 5-20 -
proteasome
Tumor TP53 10-30 Prognostically adverse, higher
suppressor frequency in blastoid/pleomorphic
variants
CDKN2A/B Loss, 18-31 Prognostically adverse, higher

Sequence mut,
<10

frequency in blastoid/pleomorphic
variants

ATM (11922-q23)

Loss or sequence
mut, 20-60

Associated with complex
karyotypes, no univariate
correlation with tumor behavior/
outcomes

(continued)
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Table 4.3 (continued)

IGHV V(H)3-21 10-19 Associated with longer median
survival
miRNA miR-18a, miR- - Individually associated with high
18b*, miR-20b, proliferation group, *miR-18b
miR-363 associated with resistance to
chemotherapy and poor outcomes
miR-190, miR-149 | — High expression individually
associated with shorter survival
miR-149, miR-34a, | — Low expression individually
miR-649, miR- associated with shorter survival
483-5p, miR-565

lymphoma, cases are reported to have distinctive clinical and pathologic features
including female predominance, frequent splenic involvement, lower frequency of
t(14;18) at ~14%, and more frequent presence of a component of diffuse large
B-cell lymphoma (57%) [121].

With increased NGS-based evaluation of immunoglobulins for clonality and
other applications, lymphoma immunoglobulin heavy chain variable (/{GHV) gene
usage and mutational status may become more readily available for clinical use. The
usage of specific V(H) segments is heavily biased in follicular lymphoma. From the
six IGHV subgroups, subgroup V(H)3 is utilized most frequently, representing
about 50-60% of all cases [122]. Highly used individual sequences include
V(H)3-23 (~15%), V(H)4-34 (~15%), V(H)3-48 (~10%), V(H)3-30 (5-10%),
V(H)3-21 (5-10%), and V(H)3-15 (5-10%) [123]. Usage of the V(H)5 subgroup or
cases with IGH-V sequences from more than one subgroup appear to have a less
favorable prognosis, decreasing the estimated 5-year survival to about 50-60%,
when compared to a 5-year survival of 95% found with other /GHV subgroups
[122]. Additionally, usage of V(H)3-48 may predict for high-grade transformation
[123]. About 15% of cases will have unmutated /IGHV status (>98% homology), and
in contrast to chronic lymphocytic leukemia (CLL), unmutated /GHV genes and
utilization of V(H)3-21 do not appear to have an adverse prognosis [122].

Following the clarification of the molecular landscape of follicular lymphoma,
newer genetic prognostic indexes have been developed, such as the m7-FLIPI [124].
This risk model combines the follicular lymphoma international prognostic index
(FLIPI), Eastern Cooperative Oncology Group (ECOG) performance status, and the
mutation status of seven genes: EZH2, ARIDIA, MEF2B, EP300, FOXO1, CREBBP,
and CARD11. This system outperformed the FLIPI, both alone and when combined
with the ECOG performance status. The improved risk stratification for failure-free
survival was achieved mostly through reclassifying a subset of high-risk FLIPI
patients into a low-risk m7-FLIPI risk group. Unfortunately, m7-FLIPI case cohort
was insufficient to adequately stratify for risk of transformation.

Comparative gene expression profile studies against de novo diffuse large B-cell
lymphoma indicate that transformed follicular lymphoma more closely resembles
germinal center-type diffuse large B-cell lymphoma (GCB-DLBCL) than activated
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B-cell type (ABC-DLBCL) [25]. Unique combinations of genetic lesions that are
found in transformed follicular lymphoma, but are not observed or extremely rare in
de novo GCB-DLBCL, include biallelic loss of CDKN2A/B and mutations of
STAT6, ARIDIA, and FAS [25]. Aberrancies of KMT2D (MLL2), CREBBP, BCL2
translocations, and other “early” clonal events in follicular lymphoma are found in
both cases of transformed lymphoma and de novo DLBCL, but are significantly
enriched in cases derived from follicular lymphoma transformation [25]. While this
finding is not unexpected, it does also suggest that a subset of GCB-DLBCL may
arise from the previously discussed early/founding long-lived neoplastic clone.

Mantle Cell Lymphoma

The t(11;14) translocation is generally recognized the initiating step in founding a
mantle cell lymphoma clone, but secondary genetic lesions appear to drive onco-
genesis and likely influence clinical behavior. Two major subgroups are recognized
by the 2016 WHO classification system: classic nodal disease which typically has
an aggressive course and leukemic non-nodal disease which is associated with indo-
lent course and good outcomes. However, patients with classic mantle cell lym-
phoma may still present with extremely varied clinical presentations. The list of
genes affected by recurrent somatic sequence variants is shorter than what is
reported generally reported for follicular lymphoma, but a variety of impacted func-
tional groups are represented, including cell cycle regulators, epigenetic regulators,
NFxB signaling, development/homeostasis, ubiquitination proteasome, and tumor
suppressors (among others) [125-132]. Inactivating mutations of the ATM gene at
11g22-23 are the most frequently identified variants, found in 40-50% of cases.
Other genes that are generally affected at frequencies >10% include CCNDI,
KMT2C (MLL3), KMT2D (MLL2), NSD2 (WHSC1), NOTCH1, and TP53.

The ATM is a tumor suppressor gene that encodes a protein involved in signaling
DNA damage. Inactivating missense and truncating variants in this gene are the
most frequent secondary mutations in mantle cell lymphoma, but some reports have
found no associations to clinical behavior or outcomes on univariate analysis [127,
132]. In contrast, cases that acquire loss or inactivating variants of TP53 have a
significantly shortened median survival relative to cases with wild-type alleles [127,
133]. Cases with ATM abnormalities have defects in double-strand DNA break
repair, have impaired apoptosis, and are associated with increased karyotype com-
plexity [134, 135]. ATM also mediates some pS3-dependent apoptosis pathways.
Although there is no strong selective advantage to acquire co-mutation of both ATM
and TP53 abnormalities, various combination of missense and deletions of these
two genes confer distinctly gene expression profiles that differ from wild-type
cases, the consequences of which are yet undetermined [127]. Cells with non-
functional ATM are also known to show increased radiosensitivity, and data from
patients with mantle cell lymphoma indicate that radiation is an effective treatment
strategy even in heavily pretreated and chemorefractory patients [136, 137].
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Assessment of the tumor proliferation rate with Ki-67 immunohistochemistry is
presently more critical than assessment of molecular markers for prognostic evalua-
tion, and no molecular markers are incorporated into the commonly utilized mantle
cell lymphoma international prognostic index (MIPI) [138, 139]. The incorporation
of molecular genetic lesions to influence treatment decisions has not yet entered rou-
tine clinical practice. Regarding sequence aberrancies, only losses of CDKN2A and
TP53 appear to have significant negative prognostic impact [140, 141]. Other factors
that are putatively linked to inferior outcomes include MYC overexpression, NOTCH
and/or NOTCH?2 mutations, NSD2 (WHSC1) mutations, and CCNDI mutations.

NOTCHI and NOTCH?2 variants have been associated with aggressive tumor
behavior and worse overall survival [126, 130]. The activating truncating or frame-
shifting indel variants cluster in the NOTCHI PEST domain, resulting in a prolon-
gation of the encoded protein’s half-life and transcriptional activity through
interference with FBXW7 (FBW7)-mediated ubiquitination and degradation of the
NOTCH]1 intracellular domain (NICD1) [130, 142, 143]. At least one study has
found correlation with shorter survival in patients with NSD2 mutation [144].

The NFxB pathway appears to be constitutively activated in at least a subset of
mantle cell lymphoma, and ex vivo treatment with an NFkB inhibitor resulted in
cell cycle arrest and apoptosis [145]. Mantle cell lymphoma models that show sen-
sitivity to B-cell signaling inhibitors ibrutinib and sotrastaurin show classic NFkB
activation through the B-cell receptor (BCR) signaling pathway. A subset of insen-
sitive cases have been shown to have NFxB activation through an alternative path-
way involving MAP3K14 (NIK) in vitro and in vivo [129]. BIRC3 aberrations are
thought to decrease response to ibrutinib by failing to suppress this alternate
MAP3K14-based NFkB pathway, and this has been proposed as a therapeutic target
in BIRC3-mutated lymphoma. Mutations in CARD/1, a scaffold protein required
for BCR-induced NFkB activation, have also been found to confer resistance to
ibrutinib and lenalidomide [146]. Better understanding of drivers in these molecular
pathways may provide more insights for clinical care.

In addition to being a key player in the hallmark t(11;14) translocation, the
CCNDI gene contains a hotspot for recurring mutations in the 3" untranslated region
of exon 1. The variants are thought to arise through somatic hypermutation, produce
a truncated mRNA with a longer half-life, and result in increased protein levels
[147]. Some of the variants also show a stabilized CCNDI1 protein through attenua-
tion of threonine-286 phosphorylation, which is important for ubiquitin-proteasome
proteolysis [148]. The consequence to tumor behavior appears to be increased pro-
liferation rates, increased resistance to ibrutinib therapy, and shorter overall survival
[147-149].

Compatible with its pre-germinal center “naive” B-cell origin, most mantle cell
lymphomas have no or very few somatic mutations in their /[GHV gene sequences.
However, a significant minority of cases (15—40%) will show evidence of somatic
hypermutation, indicating that some tumors originate in cells that have been exposed
to germinal center mutational processes [150-152]. Unlike CLL, /GHV mutation
status does not correlate with outcomes in mantle cell lymphoma [152—-154]. The
study by Kienle et al. did find over-representation of trisomies +3q, +8q, and tetra-
ploidy in the /GHV-unmutated group and +12q in the /GHV-mutated group [152].
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There is biased usage of specific V(H) segments, with V(H)3-21 (10-19%),
V(H)4-34 (11-17%), V(H)3-23 (9%), and V(H)4-59 (9%) [153, 154]. Usage of
V(H)3-21 tends to show association with an unmutated status, and cases had a sig-
nificantly longer median survival [150, 152—-154].

Although, in most cases, IGHV mutation status has no correlation to disease
characteristics in mantle cell lymphoma, the uncommon indolent cases with a non-
nodal leukemic presentation have been associated with hypermutated /GHV and a
noncomplex karyotype [55, 150, 155]. This indolent leukemic variant shows
8p21.3 deletion and gain of 8q24.1 loci more often than conventional nodal cases
[55]. The study by Fernandez et al. also identified a 13-gene signature (RNGTT,
HDGFRP3, FARP1, CSNKIE, SETMAR, HMGB3, LGALS3BP, PON2, CDK2AP1,
DBNI, CNRI, CNN3, and SOX11) that was highly expressed in conventional dis-
ease, but was significantly under-expressed in cases of indolent mantle cell lym-
phoma [155].

RNA-based gene expression profiling has also been used to more precisely mea-
sure tumor proliferation, and this gene expression-based model was able to accu-
rately stratify patient groups relative to survival [49]. Ki-67 evaluation has been
used as a surrogate measure, but recent technological improvements have made
RNA-based studies of this type more feasible in formalin-fixed paraffin-embedded
tissues. Early studies have shown promising improvements to overall survival prog-
nostication, independent of the MIPI [156].

MicroRNAs (miRNAs) are a class of noncoding RNAs that influence the regula-
tion of gene expression. These usually function to silence gene expression by bind-
ing to target sites within the 3’ untranslated region on mRNA that immediately
follows the translation termination codon, suppressing synthesis and/or initiating
mRNA degradation. Deregulation of miRNA has been implicated in mantle cell
lymphoma oncogenesis, and certain miRNA profiles have been associated with a
high proliferation gene signature [157]. Two larger mantle cell lymphoma studies
had some discordance in described miRNA expression profiling, which may be
related to differences in miRNA modulation between the peripheral blood and
lymph node microenvironment [ 157-159]. However, both studies found that miRNA
profiles altered gene expression in a way that was prognostically meaningful. High
expression of miR-18b has been singled out as a marker of poor chemotherapy
resistance and poor outcomes [157, 160]. Well-vetted miRNA profiles that are clini-
cally applicable for prognostication and treatment stratification are not yet avail-
able, but this exciting line of research appears to hold promise for clinical care.
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Chapter 5
Follicular Lymphoma: Therapeutics
and Management

Allison H. Smith, Lukas P. Emery, and Frederick Lansigan

Introduction

Follicular lymphoma (FL) is the second most common form of non-Hodgkin lym-
phoma (NHL) and the most common lymphoma with an indolent clinical course. It
is generally regarded as incurable; however in the modern era, the prognosis is often
favorable with many patients achieving long-term disease control. Management is
largely dependent on disease stage, presence or absence of symptoms, and overall
disease burden. As such, patients can be categorized into groups with limited-stage
disease (stages I or II) or advanced stage disease (stages III or IV). Treatment
approaches vary significantly between these groups and can range from surveillance
alone to radiation therapy or chemoimmunotherapy and radioimmunotherapy. The
treatment strategies presented here pertain to patients with histologic grade 1, 2, or
3a FL; patients with grade 3b FL are best treated according to guidelines for more
clinically aggressive B-cell lymphomas (e.g., diffuse large B-cell lymphoma), as
their course and prognosis more closely mirror them than low-grade FL [1].
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Management of Limited-Stage Follicular Lymphoma

Limited-stage FL is relatively uncommon, as most cases of FL are diagnosed at
more advanced stages, and there are therefore no randomized studies to support an
optimal management strategy. Instead, we rely on observational data and expert
opinion to guide our treatment approach. External beam radiation is often consid-
ered in this patient population as several studies have demonstrated long-term
disease-free survival and potential cure with this approach, with up to 40-50% of
patients free of disease at 10 years [2—4]. Given the excellent outcomes in this popu-
lation, efforts have been made to obviate the risk of radiation-related complications,
and involved-site radiation (ISRT) has become the standard of care.

If significant morbidity from ISRT is a concern, then a period of surveillance
may be a reasonable alternative approach, particularly in those with a limited life
expectancy. This was demonstrated in a small trial that showed patients with limited-
stage disease who received no initial therapy had an estimated 10-year survival of
85% with more than 50% of patients remaining untreated at 6 years [5]. A recent
study utilizing the LymphoCare database shed light on more contemporary practice
patterns and associated outcomes. Rituximab-containing regimens were used most
commonly with 40% of patients receiving either rituximab with chemotherapy or
rituximab alone. The remainder of patients received the following: 27% radiation,
17% observation, 13% combined modality therapy, and 3% other. Treatment strate-
gies utilizing systemic therapy led to improved progression-free survival (PFS), but
no difference in overall survival (OS) was seen with any of the approaches [6]. It is
also important to highlight that proper staging with a computed tomography (CT)
scan, and bone marrow biopsy is required to demonstrate I-II disease prior to local-
ized treatment.

These findings suggest that several treatment options may be appropriate, and
optimal management should be personalized according to patient-specific factors
(e.g., bulky disease, age, comorbidities, and goals of care). Current guidelines from
the National Comprehensive Cancer Network (NCCN) recommend upfront ISRT
for non-bulky (less than 7 cm) stage I or localized stage II disease; observation
alone is an option if there are concerns about radiation toxicity. For bulky disease
(7 cm or larger), anti-CD20 monoclonal antibody monotherapy or combination che-
moimmunotherapy is preferred; however, combined modality therapy or observa-
tion alone can be considered.

Management of Advanced Stage Follicular Lymphoma

The majority of patients with FL present with advanced stage disease which cannot
be cured with conventional treatments. The disease is often responsive to therapy,
however, and there are a multitude of effective treatment options. As such, many
patients receive multiple treatments over the span of years, often separated by long
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periods of remission. In determining management for newly diagnosed patients
with FL, we favor an individualized approach which takes into consideration the
presence or absence of symptoms, extent of tumor burden, patient’s age, medical
comorbidities, as well as goals of care. The Groupe d’Etude des Lymphomes
Folliculaires (GELF) criteria (Table 5.1) is the most widely used approach for
assessing tumor burden and can be helpful in guiding management decisions about
whether patients require treatment. Patients who meet any of the GELF criteria are
considered to have high tumor burden.

In conjunction with the GELF criteria, patients can be stratified into four catego-
ries: (1) asymptomatic with low tumor burden, (2) asymptomatic with high tumor
burden, (3) symptomatic with low tumor burden, and (4) symptomatic with high
tumor burden. A broad summary of treatment approaches for these groups is shown
in Table 5.2.

Asymptomatic Disease with Low Tumor Burden

Unlike early-stage and localized follicular lymphoma, advanced stage disease often
requires upfront systemic treatment, though the decision of whether to treat contin-
ues to be based on individual patient factors including presence of symptoms, tumor
burden, patient age and comorbidities, and the patient’s goals for therapy. Advanced
stage disease may be low-grade (grade 1-2) or higher grade (grade 3a) and is not
curable but is manageable due to the highly chemotherapy-responsive nature of the
disease.

Table 5.1 GELF criteria [7] Involvement of >3 nodal sites, each with a diameter of

>3 cm

Any nodal or extranodal tumor mass with a diameter of >7 cm

B symptoms

Splenomegaly
Pleural effusions or peritoneal ascites

Cytopenias (leukocytes <1.0 x 10°/L and/or platelets
<100 x 10°/L)

Leukemia (>5.0 x 10°/L malignant cells)

Table 5.2 Management approach in follicular lymphoma

Low tumor burden

High tumor burden

Asymptomatic Observation Observation

VS. V.

Rituximab monotherapy Chemoimmunotherapy
Symptomatic Rituximab monotherapy Chemoimmunotherapy

vs.
Chemoimmunotherapy

With or without
Rituximab maintenance

Adapted from Kahl et al. [8]
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There is a subset of patients even with advanced stage disease who may be
appropriate candidates for a “watch-and-wait” observation approach if they have a
low burden of disease by GELF criteria and no constitutional symptoms. With this
approach, patients are monitored regularly for symptoms related to FL, signs of
organ compromise, and cytopenias. The observation strategy was supported by
early retrospective analyses from Stanford University in the 1970s and 1980s which
showed no detrimental effect on patient outcomes in appropriately selected patients
[9, 10]. Several randomized trials have since confirmed this, the largest of which
compared upfront therapy with chlorambucil to observation alone and found no dif-
ference in OS at 16 years [11]. Additional studies have shown that early treatment
[7, 12] does not improve outcomes compared to observation.

One randomized trial did compare observation to single-agent rituximab with or
without rituximab maintenance in patients with previously untreated asymptomatic
FL with low tumor burden [13]. A statistically significant difference in PFS and
time to first chemotherapy was observed in the rituximab groups; however, there
was no difference in OS or incidence of histologic transformation. This study also
looked at quality of life metrics as many patients, though asymptomatic, struggle
with the diagnosis and uncertainty of this disease. They found that the prevalence of
anxiety and depression is higher in this population compared to the general public
and observed that patients labeled as “anxious” more readily adapted to their diag-
nosis when they underwent treatment rather than observation. Given the quality of
life benefit, upfront rituximab monotherapy may be indicated for a subset of this
population.

Overall, these data support the use of observation as the standard approach for
patients with asymptomatic FL. with low tumor burden. To date, no studies have
demonstrated a survival benefit for upfront therapy; however, quality of life factors
and other potential benefits of treatment (e.g., improved PFS and longer time to first
chemotherapy) should be considered, and rituximab monotherapy may be appropri-
ate in a subset of patients who particularly value these outcomes. In this group, re-
treatment with rituximab at the time of progression should be favored over rituximab
maintenance.

Symptomatic Disease or High Tumor Burden

In patients with advanced disease who have constitutional symptoms at the time of
diagnosis or who have high tumor burden, upfront therapy is most appropriate.
Conventional cytotoxic chemotherapy has long been the standard of care in this set-
ting, with the anti-CD20 monoclonal antibody rituximab added following its devel-
opment in the 1990s. This represented a major advance in therapy for FL, as the
addition of rituximab to chemotherapy allowed for improved response rates, PES,
and OS [14-16]. In addition, rituximab monotherapy can be used for patients with
advanced stage but low-grade FL with overall response rates of about 70% and CR
rates of about 30% [17-19]. The efficacy of single-agent rituximab was further
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demonstrated in long-term follow-up from the SAKK trial, in which FL patients
received four weekly doses of rituximab followed by randomization to observation
versus four doses of maintenance rituximab given every 2 months [20]. Patients
receiving rituximab maintenance had nearly doubled PFS of 23 versus 12 months,
and nearly 45% remain in remission after 8 years of follow-up.

Chemotherapy backbones used with rituximab vary and most commonly include
cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP); cyclophos-
phamide, vincristine, and prednisone (CVP); fludarabine, cyclophosphamide, and
mitoxantrone (FCM); fludarabine and mitoxantrone (FM); and bendamustine (B).

The FOLLOS study conducted by the Fondazione Italiana Linfomi and published
in 2013 [21] with long-term follow-up reported in 2018 [22] directly compared
three of these regimens. R-CHOP and R-FM were shown to have improved out-
comes (time to treatment failure and PFS, with no difference in OS) compared to
R-CVP. R-CHOP was shown to have a better safety profile than R-FM, which had
higher rates of grade 3 or 4 neutropenia than the other regimens. Based on this data,
R-CHOP was adopted as the optimal regimen for first-line treatment of advanced
stage FL.

More recently bendamustine, an alkylating agent, has also been adopted for use
in this setting together with rituximab (BR). A phase III conducted by the Study
group indolent Lymphoma (StiL) [23] compared BR to R-CHOP in patients with
indolent non-Hodgkin and mantle cell lymphoma with high tumor burden and found
similar overall response rates between the two groups (91-92%) but a significantly
higher complete response (CR) rate of 39.8% in the BR group compared to 30.0%
in the R-CHOP group. A sub-analysis of FL patients showed longer median PFS
after treatment with BR compared to R-CHOP as well, with no difference in OS. The
BR regimen was also associated with fewer adverse events including hematologic
toxicity, alopecia, infection, peripheral neuropathy, and stomatitis, though drug-
associated skin reactions were more common. These findings were confirmed in the
BRIGHT trial [24], a phase III study that found BR to be non-inferior to standard
therapy (R-CHOP or R-CVP) in treatment-naive patients with indolent non-Hodgkin
or mantle cell lymphoma with primary endpoint of CR, and overall response rates
were significantly higher with BR. This study again showed higher rates of hyper-
sensitivity reactions in the BR group and higher incidence of peripheral neuropathy
and alopecia in the R-CHOP and R-CVP groups. These results support the use of
BR as an alternative to R-CHOP or R-CVP in patients with FL.

Another potential approach for first-line treatment of FL is rituximab combined
with lenalidomide, an oral immunomodulatory agent given at a dose of 20 mg per
day on days 1 to 21 of each 28-day cycle, up to 12 cycles in patients with clinical
response. Initial results for this regimen were reported in 2014; a phase II study of
46 patients had an 87% CR rate and 11% partial response (PR) rate for an overall
response rate of 98% [25]. Three-year PFS was 78.5%. Primary toxicities were
neutropenia, muscle pain, and rash. The subsequent international phase III
RELEVANCE trial compared the rituximab plus lenalidomide regimen to rituximab-
based chemoimmunotherapy for initial management of FL; both groups received
maintenance rituximab [26]. Outcomes including CR and 3-year PFS were similar
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in both groups. Patients receiving rituximab-chemotherapy had higher rates of grade
3 or 4 neutropenia and neutropenic fever; patients receiving rituximab-lenalidomide
had higher rates of grade 3 or 4 cutaneous reactions.

More recently, the international randomized phase III GALLIUM study com-
pared obinutuzumab, a type II anti-CD20 monoclonal antibody, to rituximab when
combined with chemotherapy (CHOP, bendamustine, or CVP) [27, 28]. Both 3-year
PFS and time to next treatment were superior in the obinutuzumab arms compared
to the rituximab arms (PFS 80% vs. 73%). There was increased toxicity in the
obinutuzumab arms with the most common grade 3 to 5 adverse events being cyto-
penias (particularly neutropenia), infusion-related reactions, and pneumonia.
Toxicities were also higher in the bendamustine arms. Due to opportunistic infec-
tions in the obinutuzumab plus bendamustine group, prophylactic antibiotics and
infectious disease monitoring are highly recommended.

Response to treatment is typically assessed using ['®F] fluorodeoxyglucose
(FDG) positron emission tomography (PET) and classified according to the Lugano
criteria [29]. Studies have shown that responses by FDG-PET after four cycles of
R-CHOP and at the end of therapy are predictive of 2-year PFS and OS, with signifi-
cantly better outcomes seen in patients who are PET negative [30, 31]. A recent
study also reported that assessment of minimal residual disease (MRD) status based
on detection of the t(14;18) BCL2/IGH translocation in the bone marrow may cor-
relate with long-term outcomes [32].

In summary, chemoimmunotherapy regimens comprised of anti-CD20 monoclo-
nal antibodies in combination with a cytotoxic chemotherapy backbone are standard
of care for first-line treatment of advanced stage FL in patients with symptomatic
disease or high tumor burden. CHOP and bendamustine are the most commonly
used chemotherapy regimens. The development of rituximab has changed the land-
scape of FL therapy; newer data suggests a possible benefit of obinutuzumab over
rituximab, though with concern for increased toxicity, and longer-term data will
help to elucidate which patients are appropriate candidates for this.

Maintenance Therapy

The phase III PRIMA trial [33] sought to investigate whether maintenance ritux-
imab after completion of first-line rituximab-based chemoimmunotherapy provides
additional benefit. Patients underwent induction with R-CHOP (75%), R-CVP
(22%), or R-FCM (3%) and then were randomized to either observation or single-
dose rituximab every 2 months for 2 years. After 3 years of follow-up, there was a
significantly higher 2-year PFS in the maintenance arm (75%) compared to the
observation arm (58 %), with the beneficial effect seen regardless of which induction
regimen was used. There was no difference in OS. However, there was a higher
incidence of grade 3 or 4 adverse events in the group receiving maintenance therapy.
These mixed findings suggest a role for rituximab maintenance in some patients,
though used with caution given the increase in toxicity and lack of survival benefit.



5 Follicular Lymphoma: Therapeutics and Management 155
Histologic Transformation

Patients with FL are at risk for transformation to more aggressive B-cell lympho-
mas, most commonly diffuse large B-cell lymphoma (DLBCL). Putative mecha-
nisms for transformation include direct clonal evolution of an aggressive subclone
of FL cells or divergent evolution from a more immature common progenitor cell
[34]. Additional acquired genetic abnormalities have been implicated in the trans-
formation process, including upregulation of MYC expression [35, 36] and muta-
tions in the TP53 gene [37]. As a result, the many FL cases that transform to DLBCL
are double-hit lymphomas harboring translocations affecting MYC as well as either
the BCL2 or BCL6 genes [38].

The rate of transformation is approximately 3% per year [39] and persists through
the disease course. Factors associated with higher incidence of histologic transfor-
mation include advanced stage and high-risk Follicular Lymphoma International
Prognostic Index (FLIPI) or International Prognostic Index (IPI) score at diagnosis
[40]. Histologic transformation is associated with shorter PFS and OS with median
survival from transformation of 1-2 years historically [39, 40], though more recent
reports in the post-rituximab era suggest survival of up to 5 years after transforma-
tion [41]. Transformation risk is no different between FL patients treated with
R-CHOP or R-CVP regimens, though use of rituximab maintenance therapy has
been shown to decrease transformation risk [41].

Once transformed, treatment should follow guidelines for the more aggressive
histologic subtype and often consists of intensive chemoimmunotherapy regimens.
An evaluation of patients in the PRIMA study who transformed from FL to aggres-
sive B-cell lymphoma showed lower rates of CR and higher rates of disease pro-
gression with salvage therapy than non-transformed patients, and outcomes were
improved with autologous hematopoietic stem cell transplantation (HSCT) [42].

Treatment of Relapsed or Refractory Disease

Following induction chemoimmunotherapy, with or without maintenance therapy,
patients with FL may experience refractory disease. Others relapse following initial
treatment response and a variable interval with minimal disease manifestations.
When this occurs, there are multiple treatment approaches to consider. Important
factors impacting when and how to treat relapsed or refractory disease include prior
treatments a patient received, duration of prior response, age, comorbid medical ill-
nesses, and the patient’s goals for therapy [8].

For patients with rituximab-refractory FL, bendamustine is an FDA-approved
option with a regimen of single-agent bendamustine 120 mg/m? IV on days 1 and 2
of a 21-day cycle. This was based on a phase III multicenter study reporting an
overall response rate of 75% and median PFS of 9.3 months [43]. Due to cumulative
myelosuppression commonly seen with this regimen, about two-thirds of patients in
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this trial required dose modifications or delays. Bendamustine can also be used in
combination with rituximab, though at lower doses of 70-90 mg/m? on days 1 and
2 of a 28-day cycle.

Additional approaches for treatment of relapsed or refractory follicular lym-

phoma include:

Single-agent rituximab, though rituximab-refractory disease becomes an increas-
ing concern once patients have received multiple lines of therapy or rituximab
maintenance. However, this is well-tolerated and may be useful in patients who
cannot tolerate cytotoxic chemotherapy.

Fludarabine-based regimens in patients who have relapsed after prior treatment
with an alkylator-based regimen. Due to risk of immunosuppression, these thera-
pies should be used with caution in elderly or heavily pretreated patients [8].
Bendamustine in combination with obinutuzumab, which was shown in the
GADOLIN trial [44, 45] to significantly improve PFS and OS compared to
bendamustine alone.

Radioimmunotherapy in patients with non-bulky disease and minimal or no bone
marrow involvement. Treatment with [90]yttrium-ibritumomab-tiuxetan has
shown response rates up to 80% with 14-month duration of response [46, 47]. It
can also be used for consolidation following induction chemotherapy where it
showed improvement in PFS compared to observation [48]. The primary toxicity
is reversible myelosuppression. A second radioimmunotherapy agent
[131]I-tositumomab is no longer available [38].

Idelalisib, a first-in-class inhibitor of phosphatidylinositol 3-kinase (PI3K) delta,
targets an enzyme downstream of the B-cell receptor. A phase II study in patients
with indolent NHL refractory to both rituximab and an alkylating agent showed
a response rate of 57% for patients treated with idelalisib 150 mg twice daily,
with median duration of response of 12.5 months [49]. The highest-grade toxici-
ties were neutropenia (27%), transaminase elevations (13%), diarrhea (13%),
and pneumonia (7%). It received accelerated FDA approval in 2014. Development
in the first line was halted, however, due to increased risk of death including
Pneumocystis carinii and cytomegalovirus infections [38]. An additional PI3K
inhibitor, copanlisib, has been FDA-approved for FL, with other next-generation
PI3K inhibitors under FDA review [50].

Additionally, numerous novel agents are currently under development or investi-

gation for use in treatment of relapsed or refractory follicular lymphoma. These
include [8, 38]:

PI3K inhibitors (including umbralisib, duvelisib)

Immunomodulatory agents (including lenalidomide)

Proteasome inhibitors (including bortezomib)

BTK inhibitors (including ibrutinib)

BCL2 inhibitors (including venetoclax)

Antibody-drug conjugates (including polatuzumab vedotin, inotuzumab
0zogamicin)
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* Novel anti-CD20 monoclonal antibodies (including obinutuzumab)
e Immune checkpoint inhibitors (including nivolumab, pidilizumab)
 Inhibitors of nuclear export proteins

e Chimeric antigen receptor T-cell therapy (CAR T)

Role of Hematopoietic Stem Cell Transplantation

Both high-dose chemotherapy with autologous HSCT and allogeneic HSCT have
been studied for treatment of follicular lymphoma. These therapies are most appro-
priate for patients who are of younger age and with higher-risk disease features,
including brief remission with prior therapy before disease relapse.

A review of data from the International Bone Marrow Transplant Registry
including over 900 patients who underwent autologous HSCT (81%) or allogeneic
HSCT (19%) for FLL demonstrated that durable remissions can be achieved with
either approach [51]. Allogeneic HSCT had the highest treatment-related mortality
rates (30%) but also the lowest 5-year recurrence rate (21%). Overall 5-year sur-
vival rates were 51% with allogeneic HSCT and 62% with purged autologous
HSCT. Factors associated with adverse outcomes included advanced age, prolonged
interval from diagnosis to transplantation, high lactate dehydrogenase (LDH),
refractory disease, bone marrow involvement, and poor performance status. Most
recently, non-myeloablative reduced-intensity conditioning (RIC) regimens for
allogeneic HSCT have been utilized in an effort to reduce treatment-related mortal-
ity, and studies have shown higher survival rates with this approach [52, 53].

Autologous HSCT was compared to chemotherapy for treatment of relapsed FL.
in a small randomized trial conducted in the pre-rituximab era [54]. The study found
improved PFS with autologous HSCT with a trend toward improved OS but no
statistically significant difference. A long-term follow-up report of 121 patients
treated with myeloablative chemotherapy followed by autologous HSCT showed
that nearly half of patients were still in remission after 10—15 years, suggesting that
some of these patients may be effectively cured [55]. The report also showed that
outcomes were significantly better for patients treated in second remission com-
pared to later in the disease course. Data do not support the use of autologous HSCT
in first remission for FL patients [56, 57]. A 2012 meta-analysis of autologous
HSCT used in initial management of FL showed improvement in PES but not OS
when compared to conventional chemotherapy [58].

Conclusions

Follicular lymphoma is a common form of indolent NHL, and the approach to man-
agement is largely based on presence of symptoms, extent of tumor burden, and
other patient-specific factors. Patients with localized early-stage disease can often
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be cured with involved-site radiation. In a subset of patients, treatment with ritux-
imab monotherapy may be appropriate. In patients with more advanced disease,
upfront therapy is often indicated. Various approaches including anti-CD20 mono-
clonal antibody monotherapy or combination chemoimmunotherapy can be uti-
lized. Maintenance therapy may be beneficial as well. Relapsed or refractory FL can
be treated with similar chemoimmunotherapy regimens or with a number of more
novel agents and approaches. HSCT is also an option in appropriately selected
patients with high-risk disease.

References

1. Wahlin BE, Yri OE, Kimby E, et al. Clinical significance of the WHO grades of follicular lym-
phoma in a population-based cohort of 505 patients with long follow-up times. Br J Haematol.
2012;156(2):225-33. https://doi.org/10.1111/j.1365-2141.2011.08942 .

2. Guadagnolo BA, Li S, Neuberg D, et al. Long-term outcome and mortality trends in early-
stage, Grade 1-2 follicular lymphoma treated with radiation therapy. Int J Radiat Oncol Biol
Phys. 2006;64(3):928-34. https://doi.org/10.1016/j.ijrobp.2005.08.010.

3. Wilder RB, Jones D, Tucker SL, et al. Long-term results with radiotherapy for Stage I-II follic-
ular lymphomas. Int J Radiat Oncol Biol Phys. 2001;51(5):1219-27. https://doi.org/10.1016/
s0360-3016(01)01747-3.

4. Mac Manus MP, Hoppe RT. Is radiotherapy curative for stage I and II low-grade follicular
lymphoma? Results of a long-term follow-up study of patients treated at Stanford University.
J Clin Oncol Off ] Am Soc Clin Oncol. 1996;14(4):1282-90. https://doi.org/10.1200/
JCO.1996.14.4.1282.

5. Advani R, Rosenberg SA, Horning SJ. Stage I and II follicular non-Hodgkin’s lym-
phoma: long-term follow-up of no initial therapy. J Clin Oncol Off J Am Soc Clin Oncol.
2004;22(8):1454-9. https://doi.org/10.1200/JC0O.2004.10.086.

6. Friedberg JW, Byrtek M, Link BK, et al. Effectiveness of first-line management strategies for
stage I follicular lymphoma: analysis of the National LymphoCare Study. J Clin Oncol Off J
Am Soc Clin Oncol. 2012;30(27):3368-75. https://doi.org/10.1200/JC0O.2011.40.6546.

7. Brice P, Bastion Y, Lepage E, et al. Comparison in low-tumor-burden follicular lymphomas
between an initial no-treatment policy, prednimustine, or interferon alfa: a randomized study
from the Groupe d’Etude des Lymphomes Folliculaires. Groupe d’Etude des Lymphomes de
I’ Adulte. J Clin Oncol Off J Am Soc Clin Oncol. 1997;15(3):1110-7. https://doi.org/10.1200/
JCO.1997.15.3.1110.

8. Kahl BS, Yang DT. Follicular lymphoma: evolving therapeutic strategies. Blood.
2016;127(17):2055-63. https://doi.org/10.1182/blood-2015-11-624288.

9. Portlock CS. No initial therapy for stage III and IV non-Hodgkin’s lymphomas of favorable
histologic types. Ann Intern Med. 1979;90(1):10. https://doi.org/10.7326/0003-4819-90-1-10.

10. Horning SJ, Rosenberg SA. The natural history of initially untreated low-grade non-
Hodgkin’s lymphomas. N Engl J Med. 1984;311(23):1471-5. https://doi.org/10.1056/
NEIM198412063112303.

11. Ardeshna KM, Smith P, Norton A, et al. Long-term effect of a watch and wait policy versus
immediate systemic treatment for asymptomatic advanced-stage non-Hodgkin lymphoma:
a randomised controlled trial. Lancet. 2003;362(9383):516-22. https://doi.org/10.1016/
s0140-6736(03)14110-4.

12. Young RC, Longo DL, Glatstein E, Thde DC, Jaffe ES, DeVita VT. The treatment of indolent
lymphomas: watchful waiting v aggressive combined modality treatment. Semin Hematol.
1988;25(2 Suppl 2):11-6.


https://doi.org/10.1111/j.1365-2141.2011.08942.x
https://doi.org/10.1016/j.ijrobp.2005.08.010
https://doi.org/10.1016/s0360-3016(01)01747-3
https://doi.org/10.1016/s0360-3016(01)01747-3
https://doi.org/10.1200/JCO.1996.14.4.1282
https://doi.org/10.1200/JCO.1996.14.4.1282
https://doi.org/10.1200/JCO.2004.10.086
https://doi.org/10.1200/JCO.2011.40.6546
https://doi.org/10.1200/JCO.1997.15.3.1110
https://doi.org/10.1200/JCO.1997.15.3.1110
https://doi.org/10.1182/blood-2015-11-624288
https://doi.org/10.7326/0003-4819-90-1-10
https://doi.org/10.1056/NEJM198412063112303
https://doi.org/10.1056/NEJM198412063112303
https://doi.org/10.1016/s0140-6736(03)14110-4
https://doi.org/10.1016/s0140-6736(03)14110-4

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Follicular Lymphoma: Therapeutics and Management 159

Ardeshna KM, Qian W, Smith P, et al. Rituximab versus a watch-and-wait approach in
patients with advanced-stage, asymptomatic, non-bulky follicular lymphoma: an open-
label randomised phase 3 trial. Lancet Oncol. 2014;15(4):424-35. https://doi.org/10.1016/
S1470-2045(14)70027-0.

Hiddemann W. Frontline therapy with rituximab added to the combination of cyclophospha-
mide, doxorubicin, vincristine, and prednisone (CHOP) significantly improves the outcome
for patients with advanced-stage follicular lymphoma compared with therapy with CHOP
alone: results of a prospective randomized study of the German Low-Grade Lymphoma Study
Group. Blood. 2005;106(12):3725-32. https://doi.org/10.1182/blood-2005-01-0016.

Marcus R, Imrie K, Solal-Celigny P, et al. Phase III study of R-CVP compared with cyclophos-
phamide, vincristine, and prednisone alone in patients with previously untreated advanced follic-
ular lymphoma. J Clin Oncol. 2008;26(28):4579-86. https://doi.org/10.1200/JC0O.2007.13.5376.
Herold M, Délken G, Fiedler F, et al. Randomized phase I1I study for the treatment of advanced
indolent non-Hodgkin’s lymphomas (NHL) and mantle cell lymphoma: chemotherapy ver-
sus chemotherapy plus rituximab. Ann Hematol. 2003;82(2):77-9. https://doi.org/10.1007/
s00277-002-0581-1.

Colombat P, Salles G, Brousse N, et al. Rituximab (anti-CD20 monoclonal antibody) as single
first-line therapy for patients with follicular lymphoma with a low tumor burden: clinical and
molecular evaluation. Blood. 2001;97(1):101-6. https://doi.org/10.1182/blood.v97.1.101.
Ghielmini M, Schmitz S-FH, Cogliatti SB, et al. Prolonged treatment with rituximab in
patients with follicular lymphoma significantly increases event-free survival and response
duration compared with the standard weekly x 4 schedule. Blood. 2004;103(12):4416-23.
https://doi.org/10.1182/blood-2003-10-3411.

Witzig TE, Vukov AM, Habermann TM, et al. Rituximab therapy for patients with newly diag-
nosed, advanced-stage, follicular grade I non-Hodgkin’s lymphoma: a phase II trial in the North
Central Cancer Treatment Group. J Clin Oncol Off J Am Soc Clin Oncol. 2005;23(6):1103-8.
https://doi.org/10.1200/JC0O.2005.12.052.

Martinelli G, Schmitz S-FH, Utiger U, et al. Long-term follow-up of patients with follicu-
lar lymphoma receiving single-agent rituximab at two different schedules in trial SAKK
35/98. J Clin Oncol Off J Am Soc Clin Oncol. 2010;28(29):4480—4. https://doi.org/10.1200/
JCO0.2010.28.4786.

Federico M, Luminari S, Dondi A, et al. R-CVP versus R-CHOP versus R-FM for the initial
treatment of patients with advanced-stage follicular lymphoma: results of the FOLLOS trial
conducted by the Fondazione Italiana Linfomi. J Clin Oncol. 2013;31(12):1506-13. https://
doi.org/10.1200/JC0O.2012.45.0866.

Luminari S, Ferrari A, Manni M, et al. Long-term results of the FOLLOS5 trial comparing
R-CVP versus R-CHOP versus R-FM for the initial treatment of patients with advanced-stage
symptomatic follicular lymphoma. J Clin Oncol. 2017;36(7):689-96. https://doi.org/10.1200/
JCO.2017.74.1652.

Rummel MJ, Niederle N, Maschmeyer G, et al. Bendamustine plus rituximab versus
CHORP plus rituximab as first-line treatment for patients with indolent and mantle-cell lym-
phomas: an open-label, multicentre, randomised, phase 3 non-inferiority trial. Lancet.
2013;381(9873):1203-10. https://doi.org/10.1016/S0140-6736(12)61763-2.

Flinn IW, van der Jagt R, Kahl BS, et al. Randomized trial of bendamustine-rituximab or
R-CHOP/R-CVP in first-line treatment of indolent NHL or MCL: the BRIGHT study. Blood.
2014;123(19):2944-52. https://doi.org/10.1182/blood-2013-11-531327.

Fowler NH, Davis RE, Rawal S, et al. Safety, activity, and immune effects of lenalidomide and
rituximab in untreated indolent lymphoma. Lancet Oncol. 2014;15(12):1311-8. https://doi.
org/10.1016/S1470-2045(14)70455-3.

Morschhauser F, Fowler NH, Feugier P, et al. Rituximab plus Lenalidomide in advanced
untreated follicular lymphoma. N Engl J Med. 2018;379(10):934—47. https://doi.org/10.1056/
NEJMoal805104.

Marcus R, Davies A, Ando K, et al. Obinutuzumab for the first-line treatment of follicular
lymphoma. N Engl J Med. 2017;377(14):1331-44. https://doi.org/10.1056/NEJMoal614598.


https://doi.org/10.1016/S1470-2045(14)70027-0
https://doi.org/10.1016/S1470-2045(14)70027-0
https://doi.org/10.1182/blood-2005-01-0016
https://doi.org/10.1200/JCO.2007.13.5376
https://doi.org/10.1007/s00277-002-0581-1
https://doi.org/10.1007/s00277-002-0581-1
https://doi.org/10.1182/blood.v97.1.101
https://doi.org/10.1182/blood-2003-10-3411
https://doi.org/10.1200/JCO.2005.12.052
https://doi.org/10.1200/JCO.2010.28.4786
https://doi.org/10.1200/JCO.2010.28.4786
https://doi.org/10.1200/JCO.2012.45.0866
https://doi.org/10.1200/JCO.2012.45.0866
https://doi.org/10.1200/JCO.2017.74.1652
https://doi.org/10.1200/JCO.2017.74.1652
https://doi.org/10.1016/S0140-6736(12)61763-2
https://doi.org/10.1182/blood-2013-11-531327
https://doi.org/10.1016/S1470-2045(14)70455-3
https://doi.org/10.1016/S1470-2045(14)70455-3
https://doi.org/10.1056/NEJMoa1805104
https://doi.org/10.1056/NEJMoa1805104
https://doi.org/10.1056/NEJMoa1614598

160

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

A. H. Smith et al.

Hiddemann W, Barbui AM, Canales MA, et al. Immunochemotherapy with obinutuzumab or
rituximab for previously untreated follicular lymphoma in the GALLIUM study: influence
of chemotherapy on efficacy and safety. J Clin Oncol. 2018;36(23):2395-404. https://doi.
0rg/10.1200/JC0.2017.76.8960.

Cheson BD, Fisher RI, Barrington SF, et al. Recommendations for initial evaluation, stag-
ing, and response assessment of Hodgkin and non-Hodgkin lymphoma: the Lugano classifica-
tion. J Clin Oncol Off J Am Soc Clin Oncol. 2014;32(27):3059-68. https://doi.org/10.1200/
JCO.2013.54.8800.

Dupuis J, Berriolo-Riedinger A, Julian A, et al. Impact of [(18)F]fluorodeoxyglucose posi-
tron emission tomography response evaluation in patients with high-tumor burden follicular
lymphoma treated with immunochemotherapy: a prospective study from the Groupe d’Etudes
des Lymphomes de I’Adulte and GOELAMS. J Clin Oncol Off ] Am Soc Clin Oncol.
2012;30(35):4317-22. https://doi.org/10.1200/JC0O.2012.43.0934.

Luminari S, Biasoli I, Versari A, et al. The prognostic role of post-induction FDG-PET in
patients with follicular lymphoma: a subset analysis from the FOLLOS trial of the Fondazione
Italiana Linfomi (FIL). Ann Oncol Off J Eur Soc Med Oncol. 2014;25(2):442-7. https://doi.
org/10.1093/annonc/mdt562.

Galimberti S, Luminari S, Ciabatti E, et al. Minimal residual disease after conventional treat-
ment significantly impacts on progression-free survival of patients with follicular lymphoma:
the FIL FOLLOS trial. Clin Cancer Res Off J Am Assoc Cancer Res. 2014;20(24):6398-405.
https://doi.org/10.1158/1078-0432.CCR-14-0407.

Salles G, Seymour JF, Offner F, et al. Rituximab maintenance for 2 years in patients with high
tumour burden follicular lymphoma responding to rituximab plus chemotherapy (PRIMA): a
phase 3, randomised controlled trial. Lancet. 2011;377(9759):42-51. https://doi.org/10.1016/
S0140-6736(10)62175-7.

Carlotti E, Wrench D, Matthews J, et al. Transformation of follicular lymphoma to diffuse
large B-cell lymphoma may occur by divergent evolution from a common progenitor cell or
by direct evolution from the follicular lymphoma clone. Blood. 2009;113(15):3553-7. https://
doi.org/10.1182/blood-2008-08-174839.

Lossos IS, Alizadeh AA, Diehn M, et al. Transformation of follicular lymphoma to diffuse
large-cell lymphoma: alternative patterns with increased or decreased expression of c-myc and
its regulated genes. Proc Natl Acad Sci U S A. 2002;99(13):8886-91. https://doi.org/10.1073/
pnas.132253599.

Martinez-Climent JA, Alizadeh AA, Segraves R, et al. Transformation of follicular lymphoma
to diffuse large cell lymphoma is associated with a heterogeneous set of DNA copy num-
ber and gene expression alterations. Blood. 2003;101(8):3109—17. https://doi.org/10.1182/
blood-2002-07-2119.

Davies AJ, Lee AM, Taylor C, et al. A limited role for TP53 mutation in the transformation
of follicular lymphoma to diffuse large B-cell lymphoma. Leukemia. 2005;19(8):1459-65.
https://doi.org/10.1038/sj.leu.2403802.

Feugier P, Filliatre-Clement L. Recent advances in the first-line treatment of follicu-
lar non-Hodgkin lymphoma. FI1000Research. 2019;8:294. https://doi.org/10.12688/
f1000research.16686.1.

Al-Tourah AJ, Gill KK, Chhanabhai M, et al. Population-based analysis of incidence and out-
come of transformed non-Hodgkin’s lymphoma. J Clin Oncol. 2008;26(32):5165-9.

Montoto S, Davies AJ, Matthews J, et al. Risk and clinical implications of transformation of
follicular lymphoma to diffuse large B-cell lymphoma. J Clin Oncol. 2007;25(17):2426-33.
Wagner-Johnston ND, Link BK, Byrtek M, et al. Outcomes of transformed follicular lym-
phoma in the modern era: a report from the National LymphoCare Study (NLCS). Blood.
2015;126(7):851-7. https://doi.org/10.1182/blood-2015-01-621375.

Sarkozy C, Trneny M, Xerri L, et al. Risk factors and outcomes for patients with follicular
lymphoma who had histologic transformation after response to first-line immunochemother-


https://doi.org/10.1200/JCO.2017.76.8960
https://doi.org/10.1200/JCO.2017.76.8960
https://doi.org/10.1200/JCO.2013.54.8800
https://doi.org/10.1200/JCO.2013.54.8800
https://doi.org/10.1200/JCO.2012.43.0934
https://doi.org/10.1093/annonc/mdt562
https://doi.org/10.1093/annonc/mdt562
https://doi.org/10.1158/1078-0432.CCR-14-0407
https://doi.org/10.1016/S0140-6736(10)62175-7
https://doi.org/10.1016/S0140-6736(10)62175-7
https://doi.org/10.1182/blood-2008-08-174839
https://doi.org/10.1182/blood-2008-08-174839
https://doi.org/10.1073/pnas.132253599
https://doi.org/10.1073/pnas.132253599
https://doi.org/10.1182/blood-2002-07-2119
https://doi.org/10.1182/blood-2002-07-2119
https://doi.org/10.1038/sj.leu.2403802
https://doi.org/10.12688/f1000research.16686.1
https://doi.org/10.12688/f1000research.16686.1
https://doi.org/10.1182/blood-2015-01-621375

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

Follicular Lymphoma: Therapeutics and Management 161

apy in the PRIMA trial. J Clin Oncol Off ] Am Soc Clin Oncol. 2016;34(22):2575-82. https://
doi.org/10.1200/JC0O.2015.65.7163.

Kahl BS, Bartlett NL, Leonard JP, et al. Bendamustine is effective therapy in patients with
rituximab-refractory, indolent B-cell non-Hodgkin lymphoma. Cancer. 2010;116(1):106—14.
https://doi.org/10.1002/cncr.24714.

Sehn LH, Chua N, Mayer J, et al. Obinutuzumab plus bendamustine versus bendamus-
tine monotherapy in patients with rituximab-refractory indolent non-Hodgkin lymphoma
(GADOLIN): a randomised, controlled, open-label, multicentre, phase 3 trial. Lancet Oncol.
2016;17(8):1081-93. https://doi.org/10.1016/S1470-2045(16)30097-3.

Cheson BD, ChuaN, Mayer J, etal. Overall survival benefit in patients with rituximab-refractory
indolent non-Hodgkin lymphoma who received obinutuzumab plus bendamustine induction
and obinutuzumab maintenance in the GADOLIN study. J Clin Oncol. 2018;36(22):2259—-66.
https://doi.org/10.1200/JC0O.2017.76.3656.

Witzig TE, Gordon LI, Cabanillas F, et al. Randomized controlled trial of Yttrium-90-Labeled
ibritumomab tiuxetan radioimmunotherapy versus rituximab immunotherapy for patients with
relapsed or refractory low-grade, follicular, or transformed B-cell non-Hodgkin’s lymphoma.
J Clin Oncol. 2002;20(10):2453-63. https://doi.org/10.1200/JC0O.2002.11.076.

Mondello P, Cuzzocrea S, Navarra M, Mian M. 90 Y-ibritumomab tiuxetan: a nearly forgotten
opportunity. Oncotarget. 2015;7(7):7597-609. https://doi.org/10.18632/oncotarget.6531.
Morschhauser F, Radford J, Van Hoof A, et al. 90Yttrium-ibritumomab tiuxetan consolida-
tion of first remission in advanced-stage follicular non-Hodgkin lymphoma: updated results
after a median follow-up of 7.3 years from the International, Randomized, Phase III First-
Linelndolent trial. J Clin Oncol Off J Am Soc Clin Oncol. 2013;31(16):1977-83. https://doi.
0rg/10.1200/JC0.2012.45.6400.

Gopal AK, Kahl BS, de Vos S, et al. PI3K$ inhibition by idelalisib in patients with relapsed
indolent lymphoma. N Engl J Med. 2014;370(11):1008-18. https://doi.org/10.1056/
NEJMoal314583.

Dreyling M, Morschhauser F, Bouabdallah K, et al. Phase II study of copanlisib, a PI3K inhibi-
tor, in relapsed or refractory, indolent or aggressive lymphoma. Ann Oncol Off J Eur Soc Med
Oncol. 2017;28(9):2169-78. https://doi.org/10.1093/annonc/mdx289.

van Besien K, Loberiza FR, Bajorunaite R, et al. Comparison of autologous and allogeneic
hematopoietic stem cell transplantation for follicular lymphoma. Blood. 2003;102(10):3521-9.
https://doi.org/10.1182/blood-2003-04-1205.

Rezvani AR, Storer B, Maris M, et al. Nonmyeloablative allogeneic hematopoietic cell trans-
plantation in relapsed, refractory, and transformed indolent non-Hodgkin’s lymphoma. J Clin
Oncol. 2016. https://doi.org/10.1200/JC0O.2007.11.5477.

Khouri IF, Saliba RM, Erwin WD, et al. Nonmyeloablative allogeneic transplantation
with or without 90yttrium ibritumomab tiuxetan is potentially curative for relapsed fol-
licular lymphoma: 12-year results. Blood. 2012;119(26):6373-8. https://doi.org/10.1182/
blood-2012-03-417808.

Schouten HC, Qian W, Kvaloy S, et al. High-dose therapy improves progression-free sur-
vival and survival in relapsed follicular non-Hodgkin’s lymphoma: results from the ran-
domized European CUP trial. J Clin Oncol. 2003;21(21):3918-27. https://doi.org/10.1200/
JCO.2003.10.023.

Rohatiner AZS, Nadler L, Davies AJ, et al. Myeloablative therapy with autologous bone marrow
transplantation for follicular lymphoma at the time of second or subsequent remission: long-
term follow-up. J Clin Oncol. 2007;25(18):2554-9. https://doi.org/10.1200/JC0O.2006.09.8327.
Sebban C, Mounier N, Brousse N, et al. Standard chemotherapy with interferon compared with
CHOP followed by high-dose therapy with autologous stem cell transplantation in untreated
patients with advanced follicular lymphoma: the GELF-94 randomized study from the Groupe
d’Etude des Lymphomes de I’Adulte (GELA). Blood. 2006;108(8):2540—4. https://doi.
org/10.1182/blood-2006-03-013193.


https://doi.org/10.1200/JCO.2015.65.7163
https://doi.org/10.1200/JCO.2015.65.7163
https://doi.org/10.1002/cncr.24714
https://doi.org/10.1016/S1470-2045(16)30097-3
https://doi.org/10.1200/JCO.2017.76.3656
https://doi.org/10.1200/JCO.2002.11.076
https://doi.org/10.18632/oncotarget.6531
https://doi.org/10.1200/JCO.2012.45.6400
https://doi.org/10.1200/JCO.2012.45.6400
https://doi.org/10.1056/NEJMoa1314583
https://doi.org/10.1056/NEJMoa1314583
https://doi.org/10.1093/annonc/mdx289
https://doi.org/10.1182/blood-2003-04-1205
https://doi.org/10.1200/JCO.2007.11.5477
https://doi.org/10.1182/blood-2012-03-417808
https://doi.org/10.1182/blood-2012-03-417808
https://doi.org/10.1200/JCO.2003.10.023
https://doi.org/10.1200/JCO.2003.10.023
https://doi.org/10.1200/JCO.2006.09.8327
https://doi.org/10.1182/blood-2006-03-013193
https://doi.org/10.1182/blood-2006-03-013193

162

57.

58.

A. H. Smith et al.

Ladetto M, De Marco F, Benedetti F, et al. Prospective, multicenter randomized GITMO/
IIL trial comparing intensive (R-HDS) versus conventional (CHOP-R) chemoimmunotherapy
in high-risk follicular lymphoma at diagnosis: the superior disease control of R-HDS does
not translate into an overall survival advantage. Blood. 2008;111(8):4004—13. https://doi.
org/10.1182/blood-2007-10-116749.

Al Khabori M, de Almeida JR, Guyatt GH, Kuruvilla J, Crump M. Autologous stem cell trans-
plantation in follicular lymphoma: a systematic review and meta-analysis. JNCI J Natl Cancer
Inst. 2012;104(1):18-28. https://doi.org/10.1093/jnci/djr450.


https://doi.org/10.1182/blood-2007-10-116749
https://doi.org/10.1182/blood-2007-10-116749
https://doi.org/10.1093/jnci/djr450

®

Check for
updates

Chapter 6
Mantle Cell Lymphoma: Therapeutics
and Management

Edward A. Nabrinsky and Alexey V. Danilov

Introduction

Mantle cell lymphoma (MCL) is a rare subtype of non-Hodgkin lymphoma (NHL),
which accounts for approximately 4% of lymphomas diagnosed in the United
States; it is slightly more common in Western Europe [1, 2]. Most patients are
diagnosed at the age of 60 or older, with median age at diagnosis of 68 years.
Almost all cases of MCL harbor the chromosomal translocation t(11:14)(q13;32),
which results in overexpression of cyclin D1, a diagnostic feature of this dis-
ease [3].

MCL typically follows an aggressive clinical course with an overall poor prog-
nosis. Intensive chemo-immunotherapy (CIT) regimens remain the mainstay of
treatment of newly diagnosed MCL. However, since many patients are older when
diagnosed, they are poor candidates for such therapy due to the presence of medical
comorbidities. Despite high initial response rates, most patients eventually relapse
and succumb to their disease [4].
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Significant advances in diagnosis, risk stratification, and treatment of MCL were
achieved in the past decade, leading to improved outcomes. First, several large clini-
cal trials with extensive follow-up informed the choice of induction therapy in
MCL. Second, rituximab maintenance has been cemented in the management of
MCL. Third, introduction of agents interfering with B-cell receptor (BCR) signal-
ing has revolutionized treatment of relapsed and refractory MCL. Finally, watch-
and-wait strategy is now recognized as a valid approach in a subset of patients with
MCL. This chapter will briefly summarize the standard of care options in manage-
ment of MCL.

Watchful Waiting

Most patients with MCL require immediate therapy due to presence of debilitat-
ing symptoms, progressive lymphadenopathy, or cytopenias. However, a fraction
of patients are diagnosed based on a routine complete blood count (lymphocyto-
sis), during colonoscopy, or physical exam (lymphadenopathy) and are com-
pletely asymptomatic at initial presentation. Watchful waiting has been evaluated
in MCL and has become an accepted strategy in such patients. A single-center
retrospective analysis evaluated 97 newly diagnosed patients with MCL [5] and
found no detriment to this approach, with a median overall survival (OS) not
reached among those who deferred therapy. Calzada and colleagues conducted a
multicenter retrospective analysis which included 395 patients with MCL, of
which 72 (18%) received deferred therapy (defined as receipt of first treatment
>90 days following initial diagnosis) [6]. In this study, patients receiving deferred
therapy were more likely to have a good performance status with no B symptoms
and a normal LDH level at diagnosis. Here too, deferred therapy was not associ-
ated with a significant difference in OS. Patients with leukemic non-nodal MCL
(typically SOX11-negative, IGHV-mutated) [7] behave in a particularly indolent
fashion, and studies show only one third (30%) require treatment within 3 years
of diagnosis [8].

Frontline Management of MCL

CIT remains the standard approach to frontline management of MCL. For patients,
the first decision is whether or not to pursue an intensive treatment approach. In
general terms, older MCL patients should be spared intensive treatment approaches
given the associated risks, whereas younger, fit patients are good candidates for
intensive induction strategies [9]. While there is no firm rule defining the “older”
and “younger” patients, many therapeutic trials have set an age cut-off of 65 years
and are generally applied in our practice.
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Radiotherapy

Given that the vast majority of patients present with either disseminated lymphade-
nopathy or with extensive extra-nodal disease, including involvement of the bone
marrow, radiotherapy has very limited role in the management of previously
untreated MCL, outside of palliation. However, MCL is very sensitive to this modal-
ity. Thus, in a rare patient who presents with truly localized disease, it is worth a
consideration. International Lymphoma Radiation Oncology Group conducted a
retrospective analysis of 179 patients with early-stage (stage I or II) MCL from 13
institutions [10]. The head and neck were the most common presenting sites (75%).
The treatment outcomes were independent of treatment modality, with 10-year free-
dom from progression of approximately 40%. Most treatment failures occurred out-
side the original disease site. This study suggests that local radiation may be
employed in patients with localized MCL to minimize the toxicity. However, it
should be understood that such treatment approach is not curative.

The MCL International Prognostic Index (MIPI)

MIPI was developed in 2008 to help predict outcomes with CIT. Four hundred and
fifty-five patients with de novo advanced-stage MCL were classified into low-,
intermediate-, and high-risk groups based on four independent factors: leukocyte
count, age, performance status, and lactate dehydrogenase (LDH) [11]. Subsequently,
Ki-67 index was added to MIPI for better prognostication, where Ki-67 index >30%
was associated with shorter OS and progression-free survival (PES) [12].

Treatment of Younger Patients

Before the development of current treatment regimens, MCL was characterized by
poor prognosis with low to moderate sensitivity to chemotherapy and a median
survival of less than 5 years. Earlier drug combinations that included anthracyclines
and purine analogues failed to improve long-term outcomes, despite demonstrating
improved overall response rate (ORR) and complete remissions (CR) in a minority
of cases. Addition of anti-CD20 antibody rituximab to CHOP (cyclophosphamide,
doxorubicin, vincristine, and prednisone) in patients with advanced-stage MCL
resulted in improved CR, ORR, and time to treatment failure compared with CHOP
alone [13]. A subsequent meta-analysis showed that rituximab combinations
improved OS in patients with advanced-stage indolent lymphomas and MCL com-
pared with chemotherapy [14].

Autologous hematopoietic stem cell transplant (auto-HSCT) has become a stan-
dard of care option for younger patients with MCL. The Nordic Lymphoma Group
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(NLG) treated patients with advanced-stage MCL with four cycles of dose-
intensified CHOP followed by a cytarabine-containing conditioning regimen and
auto-HSCT. Eighty-five percent of patients failed therapy, and most had evidence of
minimal residual disease after transplantation [15]. However, rituximab was not part
of the induction regimen in this early trial. The subsequent NLG MCL-2 study
incorporated high-dose cytarabine and rituximab into the induction regimen, along
with dose-intensified CHOP. Among the 160 patients (65 years and younger), ORR
and CR rates were 96% and 54%, respectively, and the 6-year OS and PFS rates
were 70% and 66%, respectively [15]. A long-term follow-up report of NLG MCL-2
demonstrated a median OS and PFS of 12.7 and 8.5 years after a median follow-up
of 11.4 years [16]. However, disease cures were not achieved with this regimen.

In the meantime, the Cancer and Leukemia Group B (CALGB) 55,909 study
explored the effectiveness of auto-HSCT in patients up to the age of 69, with 2-year
PFS as the primary endpoint. Treatment with an aggressive rituximab-containing
CIT regimen using the methotrexate and CHOP backbone, followed by high doses
of cytarabine combined with rituximab, demonstrated a 2-year PFS of 76% and a
2-year OS of 87% [17]. The above studies reflected a groundbreaking change in
MCL treatment for young patients seeking aggressive regimens.

Following the CALBG study, a strategy was taken to explore high-dose cytara-
bine as part of an induction regimen in younger patients. This culminated in MCL
Younger phase III trial, where 497 patients were randomized to receive either 6
courses of standard R-CHOP followed by an auto-HSCT, versus 6 courses of alter-
nating R-CHOP or R-DHAP (rituximab plus high-dose dexamethasone, high-dose
cytarabine, and cisplatin) followed by a high-dose cytarabine-containing condition-
ing regimen and auto-HSCT. The study demonstrated a median PFS of 9.1 years in
the cytarabine group versus 3.9 years in the control group [18]. While the high-dose
cytarabine group had an increased frequency of toxicities (hematologic, febrile neu-
tropenia and renal) during the induction phase, the number of HSCT-related deaths
was similar (3.4%). Hence, this trial endorsed high-dose cytarabine as part of the
aggressive treatment among the stem cell transplant candidates.

Subsequently, a large cohort review of patients with chemotherapy-sensitive
MCL who were HSCT recipients between 1996 and 2007 demonstrated that opti-
mal timing for auto-HSCT is early in the disease course, particularly favorable if
performed in first complete remission (CR1). For patients who received auto-HSCT
after one prior line of chemotherapy, outcomes demonstrated 75% OS and 70% PFS
at 5 years [19].

Given the efficacy of bendamustine in older patients with MCL, a phase II study
employed rituximab/bendamustine (BR) for three cycles followed by rituximab/
high-dose cytarabine for three additional cycles [20]. In this small study of 23
patients, 96% achieved CR, and 21 underwent auto-HSCT. This study positioned
BR/cytarabine as a potential alternative to R-CHOP-based induction regimens in
younger patients.

However, not all induction regimens may require consolidation with auto-
HSCT. A phase II trial by Romaguera et al. utilized rituximab plus fractionated
cyclophosphamide, vincristine, doxorubicin, and dexamethasone alternating with
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high-dose  methotrexate-cytarabine  (R-Hyper-CVAD/cytarabine-MTX)  for
6-8 cycles in 97 patients with MCL. CR was 87%, and 3-year event-free survival
was 73% among patients younger than 65 [21]. However, the regimen demonstrated
significant toxicity, with resulting five deaths. Fifteen percent of treatment cycles
were associated with neutropenic fever, three patients developed treatment-related
myelodysplastic syndrome, and one patient developed acute myeloid leukemia. As
a result, this regimen was not recommended for patients over 65 years old. A fol-
low-up phase II multicenter study (SWOG 0213) sought to confirm the clinical
efficacy of this regimen. The study included 49 patients with a median age of
57 years. Seven of the 49 patients were over age 65. When the analysis was limited
to younger patients (<65 years old), the median PFS was 5.5 years with a 5-year
PFS which was 53% [22]. Of note, a similar toxicity profile was seen in comparison
to the original study, with 39% of patients unable to complete all eight cycles due to
toxicity.

The choice between the intensive induction regimens largely depends on patient’s
comorbidities, on the physician’s experience, and the medical center preference.

Maintenance Rituximab Therapy in Younger Adults Post-HSCT

Lymphoma Study Association group (LYSA) trial conducted an investigation into
the role of rituximab maintenance following auto-HSCT. This was a phase III study
that randomized patients 65 years old or younger to receive rituximab maintenance
therapy every 2 months for 3 years post-HSCT or observation [23]. With a median
follow-up posttransplantation of 50.2 months, the PFS rate at 4 years was 83% in
the rituximab group versus 64% in the observation group. OS was 89% versus 80%,
respectively. This data highlighted that rituximab maintenance therapy post-HSCT
increased OS and PFS in this population of patients. Furthermore, this trial has
demonstrated that induction with four cycles of R-DHAP alone (without the
R-CHOP component) is adequate induction prior to auto-HSCT.

Treatment of Older Adults with MCL

Older adults with good performance status are offered conventional CIT, of which
there are several options. Patients who will end up with at least a PR following con-
ventional CIT may be considered for auto-HSCT, if they are deemed candidates at
that point. Those who are not candidates typically receive maintenance rituximab.
Bendamustine in combination with rituximab (BR) has shown fewer toxicities
and somewhat superior efficacy in comparison with R-CHOP in MCL. A large
phase III randomized STiL trial compared six cycles of BR (n =274) to R-CHOP
(n = 275), in patients with MCL and indolent non-Hodgkin lymphomas (18% of
patients had MCL). BR resulted in prolonged median PES in patients with MCL
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(35.4 versus 22.1 months) and had lower rates of alopecia, hematologic toxicities,
infection, and neuropathy [24]. The phase III BRIGHT study compared six cycles
of BR to either standard R-CHOP or R- CVP (cyclophosphamide, vincristine,
prednisone). Seventy-four of the 447 patients had MCL, and the rest had indolent
non-Hodgkin lymphoma [25]. Over a median follow-up of 65 months, ORR for
BR and R-CHOP/R-CVP were 94% and 85% among all patients and patients with
MCL, respectively. BR was associated with a higher incidence of vomiting and
hypersensitivity reactions but with lower rates of alopecia and peripheral neu-
ropathy. As a result of the two trials, BR is often used as a first-line therapy choice
due to its favorable response rates and acceptable toxicity profile in patients
with MCL.

Cytarabine in combination with BR (R-BAC) was based on an earlier report that
demonstrated a synergistic effect of bendamustine and cytarabine in preclinical
studies in MCL [26]. The trial accrued 40 patients 65 years or older with either de
novo or relapsed/refractory (after one prior CIT regimen) [27]. Treatment comple-
tion rate was 85%, with an ORR of 100% (95% CR for previously untreated patients)
and a 2-year PFS of 95% among the previously untreated patients [26].

Following bortezomib approval in therapy of relapsed/refractory MCL, this drug
was investigated in the frontline setting [28]. Four hundred and eighty-seven patients
who were not eligible for auto-HSCT received 6-8 cycles of R-CHOP versus
VR-CAP (vincristine, rituximab, cyclophosphamide, doxorubicin, prednisone) on a
randomized phase III study. Median PFS was 24.7 months in the VR-CAP group
versus 14.4 months in the R-CHOP group (HR 0.63, P < 0.001). CR rate was 53%
versus 42%, and 4-year OS was 64% versus 54%, all favoring VR-CAP. While this
improvement came at a cost of increased hematologic toxicity, with higher rates of
neutropenia, leukopenia, and thrombocytopenia in the VR-CAP group, the number
of completed cycles, treatment discontinuation, or deaths was not affected by
adverse events. The results of this study suggest that VR-CAP can be used as front-
line therapy in the elderly patients with newly diagnosed MCL. However, R-CHOP
still remains an acceptable alternative.

Finally, the European MCL Network investigated whether maintenance therapy
with rituximab or interferon-a following eight cycles of R-CHOP prolonged remis-
sion rates in patients with MCL [29]. Addition of rituximab reduced the risk of
progression or death by 45%, with 58% of patients in remission after 4 years of
therapy in comparison to 29% with interferon. Furthermore, maintenance with
rituximab improved OS (87% versus 63%, p = 0.005). With BR’s increasing popu-
larity as an induction regimen among the elderly, Rummel and colleagues compared
rituximab maintenance therapy versus observation after patients were treated with
up to six cycles of BR plus two additional cycles of rituximab [30]. Median age was
70 years and median time of observation was 2 months. With the primary endpoint
of PFS, no significant difference was observed. However, we still consider ritux-
imab maintenance following induction therapy as a standard approach among the
elderly patients with MCL.
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Management of Relapsed MCL

Patients with relapsed MCL ultimately succumb to their disease. A number of CIT
regimens have been employed in treatment of relapsed/refractory MCL, including
BR, gemcitabine+oxaliplatin+rituximab, VR-CAP, R-CHOP, etc., with an ORR
ranging between 50% and 90% and a PFS of 8§—16 months [31].

In recent years, a number of agents enriched therapy of relapsed and refractory
MCL. Single-agent bortezomib, a proteasome inhibitor, demonstrated efficacy in
this setting, with ORR of 32% (CR/CRu 8%) and duration of response of 9.2 months
[32], and has been since incorporated in combination chemotherapy regimens.

Temsirolimus, an inhibitor of mTOR signaling, was evaluated in a multicenter,
phase III study of 162 patients with relapsed/refractory MCL in comparison with
investigator’s choice single-agent therapy. Temsirolimus was administered either
175 mg weekly for 3 weeks followed by either 75 mg (175/75-mg) or 25 mg
(175/25-mg) weekly. Median PFS was 4.8, 3.4, and 1.9 months for the temsirolimus
175/75-mg, 175/25-mg, and the investigator’s choice groups, respectively. ORR
was 22% in the 175/75-mg group (2% in the investigator’s choice arm) [33].

Lenalidomide, a pleiotropic pathway modifier, was combined with rituximab in
a phase I/II trial of 52 patients with R/R MCL. Among 44 patients enrolled onto
phase II part of the study, ORR was 57% (CR 36%). The median response duration
was 18.9 months [34].

Targeting BCR Signaling

Therapeutic targeting of BTK has revolutionized treatment of relapsed/refractory
MCL. Ibrutinib is a potent, orally bioavailable irreversible inhibitor of BTK that
covalently binds the kinase active site. Ibrutinib received FDA approval in therapy
of relapsed/refractory MCL based on the results of a phase II trial. One hundred and
eleven patients with MCL who received a median of three prior therapies were
treated with ibrutinib at 560 mg by mouth daily. Sixty-eight percent of patients
achieved an ORR, and 21% entered CR (by Cheson criteria) [35]. Responses were
seen irrespective of prior receipt of bortezomib. Duration of response was 13 months,
and OS on study was less than 2 years [36].

Acalabrutinib is a second generation, selective BTK inhibitor which received an
accelerated FDA approval for therapy of patients with relapsed/refractory MCL
who received at least one prior therapy. One hundred and twenty-four patients with
relapsed/refractory MCL and a median of two prior therapies were treated with
acalabrutinib 100 mg by mouth twice daily [37]. ORR was 81%, with 43% of
patients achieving a CR (by Lugano criteria). In this study, the median duration of
response was 26 months, and the median PFS was 20 months. While PFS with aca-
labrutinib compares favorably with ibrutinib, patients who received acalabrutinib
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were less heavily pre-treated (two vs three prior therapies). Furthermore, difference
in response assessment could have accounted for higher CR rates.

Both ibrutinib and acalabrutinib have a distinct adverse event profile. Those
include general adverse effects even such as diarrhea, arthralgias, rash, headaches,
fatigue, and others [38]. Up to 12% of patients develop atrial fibrillation with ibru-
tinib, which is more frequent in older patients and in those who have history of atrial
fibrillation [39, 40]. Bleeding is a concern, and patients who receive anticoagulation
need to be carefully monitored [41]. While most adverse events happen in the first
6 months of treatment, hypertension can also develop late in patients who are treated
with ibrutinib. Due to its relative selectivity, acalabrutinib may be associated with
fewer adverse events, and patients who are intolerant of ibrutinib may still be good
candidates for acalabrutinib therapy [42]. In a pooled analysis of safety data from
seven clinical trials, acalabrutinib showed a tolerable safety profile in hematologic
malignancies with most common adverse events being headache, diarrhea, fatigue,
nausea, and bruising [43]. The most frequent grade >3 adverse events experienced
were neutropenia (6.6%), anemia (1.5%), pneumonia (1.1%), and thrombocytope-
nia (1.5%).

Interestingly, outcomes with ibrutinib have been inferior among patients with
comorbidities [44]. However, those agents remain a well-tolerated and effective
therapeutic option in patients with MCL. Several other BTK inhibitors are currently
undergoing clinical development in MCL. Examples include zanubrutinib
(BGB-3111) and tirabrutinib (GS-4059) [45, 46].

Patients with MCL who develop resistance to ibrutinib have dismal outcomes
[47, 48]. A large retrospective cohort study of 114 patients who progressed on ibru-
tinib documented an overall survival of <3 months following cessation of the drug
[48]. Only a fraction of such patients responded to salvage therapy and nevertheless
succumbed to disease within 6-8 months [47]. Similar outcomes have been reported
in patients with chronic lymphocytic leukemia (CLL) and diffuse large B-cell lym-
phoma [49-51].

Mutations in BTK (C481S) and its downstream target phospholipase Cy2
(PLCy2) have been implicated in resistance to ibrutinib in CLL where they may
account for the majority of resistant cases [52, 53]. In fact, emergence of BTK/
PLCy mutations typically predates clinical resistance in CLL [53]. By contrast,
while such mutations are found in late ibrutinib failures in MCL, most patients
relapse early in the course of therapy (within the first 6 months) and lack such muta-
tions [48, 54]. Therefore, alternative mechanisms of resistance account for primary
ibrutinib failure in MCL and may include upregulation of PI3K and NFkB path-
ways. Resistance to BTK inhibitors in MCL remains an unmet medical need.

PI3K (phosphoinotiside-3 kinase) inhibitors are a class of drugs which demon-
strate activity in non-Hodgkin lymphoma. However, they show inferior efficacy in
MCL compared with BTK inhibitors. In a phase I study of idelalisib, a PI3K-8
inhibitor, in patients with relapsed/refractory MCL, ORR was 40%, with a median
PFS of 3.7 months [55]. Upregulation of PI-3Ka isoform may at least in part account
for resistance to idelalisib in MCL [56]. Duvelisib, a PI3K-yd inhibitor [57], and



6 Mantle Cell Lymphoma: Therapeutics and Management 171

copanlisib, a PI3K-ad inhibitor [58], have received FDA approval for therapy of
follicular lymphoma. However, there is limited information regarding activity of
these agents in MCL. Combination therapy approaches will be necessary to enhance
the efficacy of PI3K inhibitors in MCL.

Venetoclax, a BCL2 Inhibitor/BH3-mimetic

Venetoclax is a small molecule inhibitor of BCL2. Venetoclax received FDA
approval in treatment of both de novo and relapsed/refractory CLL based on large
randomized studies (MURANO, CLL14) [59, 60]. Twenty-eight patients with MCL
were treated on a first-in-human phase I study of venetoclax 400 mg daily (after a
ramp-up). Seventy-five percent of patients achieved a response, including 21% CR
[61]. In patients with MCL, median PFS was 14 months; however patients did not
receive prior BTK inhibitors [61]. Treatment-emergent adverse events were reported
in 103 patients (97%), a majority of which were grade 1 to 2. Fifty-six percent of
patients experienced grade 3—4 adverse events, predominantly hematologic, includ-
ing anemia (15%), neutropenia (11%), and thrombocytopenia (9%). Given the risk
of tumor lysis syndrome, patients with CLL and MCL who are treated with veneto-
clax required a dose ramp-up.

Venetoclax appears less effective in patients who progressed on ibrutinib ther-
apy. In a retrospective analysis of 20 such patients, ORR was 53% (CR 18%), with
the median PFES of 3.2 months [62].

A combination of ibrutinib and venetoclax has been explored in patients with
MCL. Twenty-four patients were treated; 23 had relapsed/refractory MCL. In this
study, the rate of CR was 71%; however it remains to be seen whether this therapeu-
tic strategy will lead to durable responses [63].

Resistance to venetoclax is dependent on multiple mechanisms, including BCL2
mutations [64], mutations in components of SWI-SNF chromatin-remodeling com-
plex [65], upregulation of alternative anti-apoptotic proteins (MCL1) [66-68],
and others.

CNS Involvement in MCL

CNS involvement is rare in patients with de novo MCL. However, it is present in
4-6% of patients with relapsed MCL and is typically asymptomatic [69, 70].
Blastoid histology, presence of B symptoms, elevated lactate dehydrogenase, ECOG
performance status >2, and a high MIPI score have been associated with CNS
involvement. Outcomes are poor, with survival reported at 3.7 months [70]. Ibrutinib
has been shown to cross blood-brain barrier and demonstrated activity in patients
with MCL who have CNS involvement [71].
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MCL with High-Risk Genetic Features

MCL with TP53 aberrations and complex karyotype represents an unmet medical
need. In the European MCL-2 and MCL-3 trials, patients who carried TP53 muta-
tions did not benefit from high-intensity chemotherapeutic regimens [72].
Meanwhile, a multicenter retrospective analysis identified complex karyotype as a
predictor of poor outcomes in patients with MCL [73]. In this study, complex karyo-
type was associated with inferior OS (4.5 vs 11.6 years; p < 0.01) and PES (1.9 vs
4.4 years; p < 0.01). Intensive induction and autologous stem cell transplantation
did not neutralize this adverse effect. In our practice, we analyze all patients with
MCL for presence of del(17p) (by FISH), TP53 mutations (by NGS), and complex
karyotype. We rapidly transition such patients to novel therapies (BTK inhibitor).

Blastoid MCL remains poorly responsive to both standard CIT and novel tar-
geted agents and represents an area of unmet clinical need.
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